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ABSTRACT
A novel embryo culture system has been developed using 96-hour chick
embryos.

One to four mammalian embryos can be injected into the chick

embryo amnion (CEA) and allowed to develop for 72 to 96 hours.

Pronuclear-

stage mouse embryos from two different strains were cultured in the CEA or in
Whitten's medium. There were more expanded blastocysts from one strain of
embryos when cultured in the CEA.

More hatched blastocysts resulted from

embryos of both strains when cultured in the CEA.
Two to eight-cell goat embryos cultured in the CEA for 72 hours or on cell
monolayers reached the blastocyst stage at higher rates than when cultured
with trophoblastic vesicles or in medium alone. W hen culture in the CEA was
extended to 96 hours, more blastocyst were obtained than when embryos were
co-cultured on monolayers for 96 hours or in medium alone.

More expanded

blastocysts were observed following the culture of precompaction stage bovine
morulae in the CEA than when embryos were cultured on monolayers or
cultured in medium alone. Culture of bovine morulae on monolayers or in the
CEA prior to freezing improved post-thaw viability when compared with culture
in medium alone.
When in vitro fertilization (IVF)-derived bovine embryos were cultured
sequentially in two or three CEA, development was not improved over culture
with cumulus cells and unacceptable loss of embryos occurred. The culture of
IVF-derived embryos in the chick embryos during the first 48 hours of
development resulted in less four to six-cell embryos than culture with cumulus
cells, however, culture of later-stage IVF-derived embryos in the CEA appears
to be as effective as cumulus cell co-culture.
Extracted chick amniotic fluids (CAF) were used to supplement the
culture medium for mouse and cow embryos.

Two-cell mouse embryos

developed at similar rates when cultured in CAF or fetal bovine serum (FBS)
supplemented medium, however, embryos placed in the CEA cleaved at higher
rates.

The use of C AF as a supplement in in vitro maturation and culture

m edium

for bovine

IV F

procedures

supplementation with FBS.

x

appears

to

be

as

effective

as

CHAPTER I
REVIEW OF LITERATURE

Introduction
The ability to foster continued development of the mammalian conceptus
in vitro represents an invaluable resource for the disciplines of both basic and
applied science.

In terms of increasing our understanding of developmental

biology, the refinement of functional embryo culture systems is a prerequisite to
future avenues of scientific exploration. These include the determination of the
precise metabolic and physical requirements of the embryo at various stages of
development, as well as defining the role of the embryo in the maternal
recognition of pregnancy.

In addition, elucidation of the complex developmen

tal control mechanisms of the activated mammalian zygote will only be possible
if "normal" patterns of development can occur in an artificially controlled
environment.
The availability of effective embryo culture techniques will also play an
important role in the practical application of many experimental methods now
being developed.

Although the procedures for nonsurgical collection and

transfer of bovine embryos are still widely used by commercial cattle breeders,
research laboratories no longer rely on these somewhat expensive and time
consuming techniques for the production of bovine embryos.

The now routine

techniques of in vitro oocyte maturation and in vitro fertilization (IV F) are
currently providing many investigators with previously unattainable quantities of
early stage embryos from abattoir ovaries.
The availability of viable gametes produced by IVF will likely expedite the
development of procedures for producing genetically engineered and cloned
embryos.

Although attempts to introduce foreign genes into the genome of

domestically important species have been disappointing to date, the eventual
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production of transgenic lines of farm anim als will necessitate genetic
manipulation at embryonic stages. Emerging methodologies for the production
of mammalian "clones" also require the use of embryos and embryonic cells at
very early stages of development.
In order for genetic manipulation, cloning or any other technique
involving early stage embryos to result in live offspring, the viability of the
embryo must be maintained until it can be transferred to a recipient female. In
the case of IVF-derived bovine embryos, in vitro embryo maintenance for a
period of 6 or 7 days is required if the embryo is to be transferred via
nonsurgical techniques.
Previously mentioned IVF techniques also have the potential of aiding in
the captive reproduction of endangered species of mammals.

The union of

selected gametes in vitro could enable the production of offspring unattainable
by natural matings between specific individuals from an exotic species.

Like

domestic embryos, these IVF-derived exotic embryos would require effective in
vitro culture systems for maintenance of viability prior to transfer.
Improved embryo culture systems are currently needed in the clinical
field of assisted human reproduction. Although human embryos can readily be
produced using in vitro fertilization techniques, pregnancy rates following
transfer remain less than 20% overall.

These low pregnancy rates are likely

due to several inadequacies in the human IVF system, one of which is the lack
of an effective in vitro culture system.

IVF-derived human embryos are normally

transplanted to the uterus of the oocyte donor within 36 hours of fertilization,
while at the six- to eight-cell stage. Although the embryonic stage at this time is
very early for continued development in the uterus, the loss of viability that
occurs using current in vitro culture techniques is too great to justify waiting to
transfer the embryos at later, more advanced stages.

3

Human embryos are also routinely frozen at these early stages, despite
the very low pregnancy rates obtained following thawing and transfer.

It has

been reported that the later embryonic stages of morula and blastocyst survive
the freezing and thawing process at higher rates, but effective systems for
culturing human embryos to these stages are not presently available.
The following discussion reviews the development of methods and
systems designed to promote growth and development in mammalian embryos
during periods of in vitro culture. Although none of the procedures discussed
represent a definitive solution, considerable progress has been made during
the past decade.

I.

Development of Embryo Culture Techniques

Biological Fluids
Mammalian embryo culture has been an important area of biological
research for over half a century. At this time, relatively little is known about the
specific growth factors necessary for maintaining the normal development of
most mammalian embryos in an in vitro environment.

It is known that an

effective in vitro culture requires the presence of yet undefined biological
components in order for embryonic development to proceed at a normal rate.
The pioneering efforts in maintaining embryonic development outside of
the female reproductive tract were conducted primarily using rabbit embryos.
By culturing rabbit blastocysts in glass dishes that contained plasma clots
(Brachet, 1912), the development of the primitive groove and rudimentary
placental structures were observed, although embryonic survival was less than
40 hours. In later studies, Lewis and Gregory (1929) used blood plasma for the
culture of one cell rabbit embryos and observed development to the eight-cell
stage within 48 hours.
The development of embryo culture medium that followed the early use
of undiluted blood plasma involved the addition of biological fluids to balanced
salt solutions. Among these in vitro growth-promoting fluids were chick embryo
extracts (CEE).

Carrel (1913) noted that extracts of chick embryos increased

the growth of mammalian tissues in vitro, and CEE were used in some of the
embryo culture experiments that followed.

Pincus (1930) used hanging-drop

cultures which contained various mixtures of rabbit plasma, chick plasma, rabbit
embryo extract and C EE to study embryonic development.

Cleavage of early

stage embryos was observed, as was the development of two and four-cell
rabbit embryos to the morula stage.
In 1933, the development of later-stage rabbit embryos was evaluated in
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medium containing chicken plasma and CEE (Waddington and W aterm an,
1933). Embryonic cell differentiation was reported in embryos that had reached
the primitive streak stage.
The first successful culture of early-stage, pre-implantation mouse
embryos in a saline solution required supplementation of physiological saline
with egg white and yolk from hen's eggs (Hammond, 1949).

Development to

the blastocyst stage was noted when eight-cell embryos were cultured in this
medium, however, little cleavage of two-cell embryos was observed.

During

this same period, Dowling (1949) cultured bovine embryos in egg-white or yolk
supplemented saline. Only one of 14 eight-cell bovine embryos developed to
the 16-cell stage in this medium.
Chang (1949) demonstrated that heat-inactivated serum could be used
as a supplement in culture medium for two-cell rabbit embryos. Edwards (1964)
obtained

acceptable

rates

of

developm ent

in

W aym outh's

medium

supplemented with 10% rabbit serum when culturing one cell rabbit embryos
which had been removed from the zona pellucida. In this study, eight of 10 one
cell embryos developed to at least the 16-cell stage, and three of 10 developed
to at least the 32-cell stage.
These results using rabbit embryos led to the development of bovine
embryo culture systems using bovine serum.

Brock and Rowson (1952)

attempted to culture bovine embryos in bovine serum, then in 1963 Hafez e ta l.
cultured single cell bovine embryos in serum supplemented saline.

Both of

these groups failed to achieve high rates of embryonic development, however,
the bovine serum used was not heat treated to inactivate complement. When
Onuma and Foote (1969) used heat treated bovine and rabbit sera for the
culture of one-cell bovine embryos, they obtained cleavage in 45% of 184 ova
cultured in vitro.
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Gordon (1975) used serum supplemented, phosphate buffered saline for
the temporary storage of bovine embryos at various stages and obtained
normal development in 30 of 50 embryos.

Wright et a!. (1 9 7 6 ) used

bicarbonate-buffered medium (H F-10) supplemented with 10% heat-treated
fetal bovine serum (FBS) for the culture of bovine embryos in a 5% C 0 2
atmosphere.

These culture conditions resulted in improved in vitro embryo

development and became the standard for bovine embryo culture.
Unfortunately, the culture conditions defined by Wright et al. do not
represent an ideal substitute for embryo development in vivo. The necessary
presence of undefined biological fluids in the culture milieu can produce
inconsistent results.

Sirard and Lambert

(1985) have shown that identically

prepared batches of bovine serum from different animals give different results in
their ability to promote cleavage of four-cell bovine embryos.

Production of a

repeatable and consistent in vitro environment is an important consideration for
developing embryos.

Attempts to Define Embryo Culture Conditions
Whitten (1956) modified Hammond's procedure by using bicarbonatebuffered Kreb's medium instead of physiological saline to stabilize the pH of the
culture medium.

No development of eight-cell mouse embryos was noted in

Kreb's medium alone, however, the supplementation of Kreb’s with 1% egg
white resulted in development to the blastocyst stage.

More importantly,

W hitten showed that crystalline bovine serum albumin (BSA) could be
substituted for egg whites. This allowed work to continue with a more definable
medium, and led to the discovery that embryos from some strains of mice could
develop from the pronuclear to the blastocyst stage in a defined in vitro
environment (Whitten and Biggers, 1968).

The use of BSA has become a
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standard component of defined embryo culture media.
Following W hitten's discovery that murine embryos could undergo
complete in vitro development in a defined medium, attempts at culturing
embryos of domestic species in defined medium were attempted. One of the
first effective defined media for the culture of embryos from domestic species
was based on the biochemical analysis of sheep oviductal fluid (Restall and
Wales, 1966).
The first long term culture of early-stage bovine embryos was conducted
by Tervit e ta i. (1972) using this synthetic oviductal fluid (SOF) medium. These
workers obtained development from the one-cell to the 16-cell stage (3/6) using
SOF.

They also obtained blastocyst-stage embryos when eight-cell embryos

were cultured in SOF.
Later studies comparing SO F with another defined medium, Brinster's
modified ova culture medium (BMOC-3) resulted in development to the morula
stage at rates of 26% and 57% when 8 to 12-cell bovine embryos were cultured
in SOF and BM O C-3, respectively (Shea et at., 1974).

Two pregnancies

resulted when morulae were transferred to 17 bovine recipients.
Bowen et at., (1975) compared SOF with defined Ham's F-10 medium
(H F-10) and obtained 48% and 80% morulae when two to eight-cell embryos
w ere cultured for 48 hours in SO F and modified H F -1 0, respectively.
Development of later stage pre-implantation embryos in SOF and BMOC-2 was
observed by Kanagawa et al., (1975).

When eight to 32-cell bovine embryos

were cultured for 120 hours 65 to 80% developed to the blastocyst stage in both
culture media.
Although BSA is considered a component of all defined embryo culture
media, individual batches of BSA are themselves poorly defined.

Different

batches of BSA from the same supplier have been shown to have different
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growth promoting effects on mammalian embryos in vitro.

Kane (1987) has

reported that rabbit morulae cultured to the blastocyst stage in medium
supplemented with 1.5% BSA from one batch had more than twice as many
cells as morulae cultured in the same medium supplemented with a different
batch of BSA.
The use of defined media has contributed to the study of the specific in
vitro requirements of cells in culture (Rizzino e ta !., 1979). By using serum-free
culture conditions, specific hormones and growth factors can be added to the
culture medium individually and their effects on cell growth and differentiation
evaluated (see review by Barnes and Sato, 1980).

In addition, the use of

defined medium allows for the analysis of growth factors and hormones that are
produced by the cultured cells themselves.
A more complete understanding of embryonic growth factors might also
be possible if embryos could be cultured in medium with defined components.
Unfortunately, attempts at culturing mammalian embryos from the single cell to
the blastocyst stage in a completely defined in vitro environment have been
successful only with certain strains of mouse embryos (Whitten, 1968). Supple
mentation of the culture medium with complex, undefined biological fluids (e.g.
serum, BSA) are required to obtain in vitro development in the embryos of
domestic mammalian species (see review by Wright and Bondioli, 1981).
Even with the addition of undefined biological fluids, little development is
obtained by culturing early stage domestic animal embryos in medium alone.
Betterbed and Wright (1985) cultured one-cell ovine embryos in several media
with different gas mixtures, and obtained only two blastocysts from 104 embryos
cultured. In earlier studies using two to eight-cell sheep embryos, Wright et al.
(1976) obtained £50% blastocyst development using medium-only culture
conditions.
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In Vitro Blocks to Normal Development
One common finding in the pioneering attempts at culturing early stage
mammalian embryos was the apparent block to development at a speciesspecific stage. In many experiments involving bovine embryos, development of
very early-stage embryos (one to four cells) proceeds to the eight- to 16-cell
stage in vitro and then ceases. However, embryos collected at the eight- to 16cell stage readily develop to morulae and blastocyst stages (Thlbault, 1966).
This indicates an apparent inadequacy of the in vitro systems at this stage,
resulting in an in vitro "block" to development.
Additional studies (Eyestone and First, 1986) have indicated that bovine
embryos which have become "blocked" at the eight- to 16-cell stage usually
cannot be rescued (i.e. further development is not possible even if the embryo is
returned to an in vivo system).

Unpublished data by W .H . Eyestone is

mentioned in the latter study indicating that the embryonic cells are "alive”
during the block, however they are incapable of dividing.
The in vitro developmental block was first described in murine embryos.
Cole and Paul (1965) observed development of one-cell embryos to the two
cell stage in vitro, however, these two-cell embryos failed to undergo further
cleavage and subsequently degenerated. This degeneration occurred in spite
of the fact that embryos collected from mice at the two-cell stage were capable
of normal development to the blastocyst stage in vitro.

Whittingham and

Biggers (1967) transferred in vitro cultured, developmental^ blocked embryos
at the two-cell stage to the ampulla of oviduct organ cultures and were able to
"rescue" embryos from the in vitro block state. They obtained blastocyst from
these previously blocked embryos, and pregnancies resulted following the
transfer of these blastocyst.
The species-specific timing of the developmental block in mouse embryo
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culture is coincident with an important biochemical transition occurring in the
embryonic cells.

At the two-cell stage, the murine embryonic genome is

activated and protein synthesis is no longer dependent on pre-existing maternal
mRNA (Braude et al., 1979).
Recent evidence indicates that the transition from maternal to embryonic
mRNA dependence in the bovine embryo is at the same stage as the bovine
embryonic block. Frei et al., (1989) cultured oocytes and early stage embryos
with radiolabelled methionine and analyzed proteins synthesized with one
dimensional electrophoresis and fluorography. It was noted that a progressive
decrease in protein synthesis occurred from the oocyte to the eight-cell stage,
with protein synthesis increasing from the eight-cell to the blastocyst stage.
This decrease and subsequent increase in protein synthesis indicates
the transition from translation of maternal mRNA accumulated during oogenesis
and the translation of newly transcribed mRNA from the activated embryonic
genome.

In addition to these quantitative changes, there were definite

qualitative changes in the patterns of proteins produced after the 16-cell stage
in bovine embryos.
Although there is currently no evidence that the in vitro block is directly
linked to a breakdown in the maternal to zygotic transition (M ZT) in vitro, there
are several pieces of information that suggest that this may be the case. Bovine
embryos begin to synthesize ribosomal RNA (rRNA) at the time of the MZT, or at
the 8-cell stage (King et al., 1989).

The activation of rRN A synthesis is

detectable by staining embryos for nucleolar organizing regions (NOR). When
IVF-derived bovine embryos which had blocked in vitro were stained in this
fashion, NOR did not appear (Barnes and Eyestone, 1990).

However, when

these IVF-derived embryos were cultured in vivo in the ligated oviducts of ewes
(where the block is not seen), normal NORs were present following staining.
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These workers suggest that the in vitro block to growth may be caused by a
breakdown in the transition from maternal to zygotic control of development due
to inadequacies in the in vitro culture system.
The effect of in vitro culture on protein synthesis by rabbit embryos has
been investigated by Jung (1989).

In this study, culturing rabbit embryos in an

in vitro environment resulted in decreased protein half lives (i.e. accelerated
protein degradation) when com pared with sim ilar blastocysts that had
developed in vivo. This trend towards rapid protein degradation in vitro was
partially reversed by supplementing the in vitro culture medium with uterine
secretions.
Successful duplication of the uterine environment in vitro is proving to be
a difficult task, due to the complexity of the in vivo embryonic environment.
Brigstock et al. (1989) have detected the presence of a number of growth factors
with potential embryotropic effects in uterine tissues and fluids. In their study,
the synthesis of these growth factors appeared to be regulated by the female
sex steroids estrogen and progesterone.

Among these growth factors are

epidermal growth factor, transforming growth factor, insulin-like growth factor,
colony-stimulating factor I, oestromedins, uterine luminal fluid mitogens and
fibroblast growth factors. Since little is known about the precise function of any
of these factors in stimulating uterine or embryonic growth, the synthesis of a
defined in vitro system will be a formidable task.
Adding to the the difficulties in developing optimal embryo culture
environments are the trace contaminants that can occur in tissue culture
reagents and water.

It is well known that w ater purity is critical for the

maintenance of embryo viability in vitro.

Whittingham (1977) reported that

three-times glass distilled water was necessary for a high rate of blastocyst
formation from two-cell murine embryos.

Abramczuk et al. (1977) showed a
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beneficial effect on the culture of one-cell murine embryos when the chelating
agent ethylenediam inetetraacetic acid (E D TA ) was added to the culture
medium. These results suggest that even trace impurities can greatly impede
the normal development of mammalian embryos in culture.

II.

Embryo Co-Culture System s

In Vivo Oviductal Culture
Although defining the in vitro culture requirem ents of mammalian
embryos remains an important basic science question, there remains a need for
applicable embryo culture systems for use in other areas of embryo research.
In an effort to overcome the apparent inadequacies of in vitro embryo culture in
medium alone, embryo co-culture systems are now being developed.

One of

the more successful methods for promoting the development of early-stage
mamm alian embryos requires the in vivo culture in the oviducts of an
intermediate recipient.
In 1955 Averill and co-workers demonstrated that interspecies embryo
transfer to the oviducts of a surrogate recipient could be used to maintain
mammalian embryo development. These researchers transferred early-stage
sheep embryos to the ligated oviducts of psuedopregnant rabbits and
subsequently recovered them 4 or 5 days later. Of the original 18 embryos (two
to 12-cells) transferred to the rabbit oviducts, a total of nine embryos were
recovered, all at the morula or blastocyst-stage. When three of these embryos
were transferred to recipient ewes, two were capable of implantation in utero
and further development.
This technique was used by Hunter and co-workers (1961) to transport
sheep embryos collected in Cam bridge, England to recipient ewes in
Pietermaritzburg, South Africa.

Storage periods in the rabbit oviduct ranged
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from 101 to 128 hours, and four lambs were born following the transfer of 16
embryos recovered from the rabbit oviducts.
Lawson et al., (1972a) confirmed these results by using recipient rabbits
with ligated oviducts. The ligation of rabbit oviducts at the uterotubal junction
was performed at the time of transfer to prevent passage of the ovine embryos
into the uterus. A total of 456 early-stage sheep embryos (2 to 16-cell stage)
were transferred to the oviducts of pseudopregnant rabbit females. By ligating
the recipient oviducts, a recovery rate of 87% was achieved.

O f the 397

embryos recovered, 368 (93%) had progressed to later developmental stages
in the rabbit oviduct.

Up to 69% survival rates were observed when embryos

were transferred to synchronized recipient ewes.
In 1968, Sreenan and co-workers first demonstrated that the rabbit
oviduct could also promote development in bovine embryos.

These workers

collected 32 fertilized embryos from donor heifers three days after breeding.
These embryos were transferred to the ligated oviducts of pseudo-pregnant
rabbits, and 19 embryos were recovered after at least 94 hours in the rabbit
oviduct.

Of the 19 recovered embryos, 17 had developed to later embryonic

stages and 15 had >80 cells.
Lawson et al. (1972b) also transferred 48 early-stage bovine embryos
(one- to eight-cell) to the ligated oviducts of psuedopregnant rabbits. Of the 41
embryos recovered two to four days later, 34 (83% ) had advanced to later
developmental stages and appeared normal.

These workers performed a

second experiment using bovine embryos to determine the post-culture viability
of recovered embryos.

Following a three or four day culture period in the

ligated rabbit oviduct, embryos were transferred to synchronized recipient
heifers.

O f the 15 embryos transferred to heifers within one day of donor

synchrony, 11 (73%) calves were born.
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Boland (1984) conducted extensive tests to determine the feasibility of
using rabbit oviducts for the viability screening of bovine embryos prior to
transfer.

Despite the inherent loss of embryos involved in using the rabbit

oviduct as a culture system, it was determined that potential for further
development in bovine embryos could be assessed by using the rabbit oviduct.
Culture of agarose embedded embryos in the ligated oviducts of sheep
has become an important technique when micromanipulated embryos must be
cultured prior to nonsurgical transfer.

This technique was developed by

W iiladsen (1979) to facilitate the development of micromanipulated sheep
embryos.
Following the microsurgical separation of the blastomeres of a two-cell
em bryo, individual blastom eres were replaced in a zona pellucida and
em bedded in agarose.

The agarose embedded blastomeres were then

transferred to the oviducts of ewes on days 1 to 2 of the recipient estrous cycle.
The oviducts were then ligated at the uterotubal junction to maintain placement
of the embryos. The embryos remained in the ligated oviducts of the ewe for a
period of 3.5 to 4.5 days.

A total of 31 agarose-embedded pairs of embryos

were transferred to ewes, and 20 of these pairs were subsequently recovered.
O f the total of 40 embryos recovered, 35 had developed to the late morula or
early blastocyst stage in the intermediate host.
Eyestone and co-workers used agarose embedding on 35 one- and twocell bovine embryos transferred to the ligated oviducts of ewes synchronized to
the donor estrus cycle, and observed 42% normal development after 74%
embryo recovery. Additionally, these workers transferred 39 one- and two-cell
bovine embryos to the ligated oviducts of ovariectomized ewes, and observed
27% development following 67% embryo recovery.
Agarose embedding has recently been used in an attempt to increase
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recovery rates of bovine embryos cultured in the rabbit oviduct. Westhusin and
co-workers (1989) recovered 77% of 69 one- and two-cell bovine embryos from
the ligated rabbit oviduct, with 43% of the recovered embryos developing to the
morula and blastocyst stages. When these same workers performed agarose
embedding prior to culture in the ligated oviducts of ewes, 100% of 52 embryos
were recovered after 6 days, with 52% at the morula or blastocyst stage.
This approach has, in recent years, been used extensively to promote
development in "cloned" one-cell embryos at a commercial transplant station
(Bondioli et al., 1990).

In this case, electrofusion of oocytes and single

blastomeres was performed, then the fusion embryos were agarose-embedded
and cultured in the ligated sheep oviduct for up to 6 days. Recovery rates of 93
to 97% were reported by the cattle transplant unit using this technique.
In spite of the effectiveness of this in vivo technique, it has not proven to
be practical in most embryo culture applications. The primary disadvantage to
using the ligated sheep oviduct for embryo culture is the difficulty and time
involved in performing multiple surgical procedures on the sheep. In addition, a
herd of recipient ewes must be maintained and this often proves to be costly.
For these reasons, rabbit oviducts are still used for in vivo culture of mammalian
embryos.
Recently mouse oviducts have been evaluated for culturing embryos
from large domestic species.

Ebert and Papaioannou (1989) transferred

porcine embryos (at various stages of development) to the oviducts of immature
mice, and compared the resulting development to in vitro culture in Ham's F-12
with 10% FBS in an atmosphere of 5% C O 2 .

When early blastocysts were

cultured for two days in the mouse oviduct, the embryos recovered had twice as
many embryonic cells compared with similar embryos which had been cultured
in vitro (104 vs. 5 7.3 cells).

W hen four- to six-cell porcine embryos were
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cultured in the mouse oviduct 10 of 13 (77% ) reached the blastocyst stage
compared with only one of 10 cultured in the in vitro control group.

Cell Co-Culture
The first demonstration of murine in vitro embryonic development from
the one cell through to the blastocyst stage involved culture in explanted murine
oviducts.

Biggers et al. (1962) cultured oviducts from eight to nine-week-old

mice on 2 cm x 2 cm stainless steel grids in 6 cm petri dishes. The oviducts
were removed from females which had been superovulated and mated 12 to 14
hours previously.

The organ culture system was maintained in a defined

medium and incubated at 37° C in a 5% CO 2 atmosphere for three or four days.
Of the total of 106 embryos recovered following four days of organ culture, 14
(13% ) morulae and 69 (65%) blastocysts were present.
Early-stage hamster embryos have been reported to be difficult to culture
in vitro. Although one-cell hamster embryos will readily cleave to the two-cell
stage, the block at the two-cell stage has been shown to be near "absolute"
(Whittingham and Bavister, 1974). Bavister and Minami (1986), however, were
able to overcome this block in 11% of 830 one-cell hamster embryos by
culturing them in explanted mouse oviducts.
Explanted mouse oviducts have also been shown to support the
development of early stage embryos from domestic species.

Krisher et al.

(1989) cultured one-cell porcine embryos in explanted mouse oviducts taken
from recently mated females.

Following six days of in vitro culture, 25 of 32

(78.1% ) one-cell porcine embryos developed to the blastocyst stage when
cultured in the explanted mouse oviduct compared with only 10 of 28 (35.7%)
developing to the blastocyst stage in medium alone.
Cole and Paul (1965) have used irradiated HeLa cells for co-culture of
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two-cell murine embryos through the hatching blastocyst stage and improved
culture rates when compared with culture medium alone. This finding led to the
development of embryo co-culture systems using fibroblast monolayers. Kuzan
and Wright (1981) first reported co-culture using farm animal embryos. They
observed increased rates of porcine blastocyst hatching during co-culture on
bovine fibroblasts when compared with culture in medium alone.
Kuzan and Wright (1982) subsequently demonstrated that co-culture with
fibroblast monolayers was beneficial for the development of bovine embryos in
vitro. The in vitro development of bovine morulae co-cultured on monolayers of
either bovine uterine or testicular fibroblasts was improved when compared with
bovine morulae cultured either in conditioned or fresh medium.

Additionally,

blastocyst hatching was significantly increased when embryos were co-cultured
with monolayers. These workers postulated that "helper cells" may secrete an
embryotropic substance into the culture medium and/or they may remove toxic
by-products of embryo metabolism from the culture medium.
O th er workers

have dem onstrated that the

in vitro viability of

micromanipulated bovine embryos was enhanced by co-culture on bovine
uterine fibroblasts (Voelkel et al., 1985). At the same laboratory Wiemer et al.
(1988, 1989) used a fibroblast monolayer system derived from the reproductive
tract of a fem ale bovine fetus.

This fetal bovine uterine fibroblast (FBUF)

monolayer has given successful co-culture results with embryos from several
mammalian species.

Pregnancies have been obtained in horses (Wiemer et

al.,1988) and humans (Wiemer et al., 1989) following co-culture of embryos on
the FBUF monolayer. This system has also proven beneficial for the in vitro
culture of early stage bovine morulae (Wiemer et al., 1990).
More recent studies have revealed that co-culture of embryos with cells
of endometrial origin result in improved developmental rates when compared
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with co-culture with cells of fibroblastic origin.

Gandolfi and M oor (1987)

cultured a total of 511 pronuclear sheep embryos on fibroblast or on oviduct
epithelial cells or in medium alone.

Only 13% of the embryos cultured in

medium alone reached the morula stage after three days of culture compared
with 9 5% morulae on both feeder cell monolayers.

Following transfer to

recipient ewes, however, only 33% of the embryos cultured on fibroblast were
capable of continued development compared with 80 % that continued to
develop for embryos cultured on epithelial cells.
When these pronuclear sheep embryos were allowed to develop for six
days in vitro, 42% of the embryos on epithelial cell monolayers developed to the
expanded blastocyst stage compared with only 4.5% developing to expanded
blastocysts on the fibroblast monolayer.
White et a l (1989) obtained similar results when culturing early stage
porcine embryos on porcine oviduct epithelial cells or porcine fetal endometrial
fibroblasts. W hen two- to 16-cell porcine embryos were cultured on epithelial
cells 44 of 63 (70%) reached the expanded blastocyst stage, significantly more
than the 16 of 60 (27% ) expanded blastocyst observed on fibroblast
monolayers.
Prichard et al. (1990) attempted to mimic embryo descent from the
oviduct to the uterus in vitro by transferring early stage caprine embryos from
oviductal cells to uterine cells after 36 hours of culture.

Surprisingly, two to

four-cell caprine embryos which remained on oviductal cells developed to the
blastocyst stage at higher rates than did embryos which were transferred from
oviductal to uterine cells during co-culture.

Of 30 embryos co-cultured on

oviductal cells, 27 (90%) reached the blastocyst stage compared with only 20 of
30 (67%) blastocysts when embryos were sequentially cultured on oviductal the
uterine cells.

These results suggest that cells obtained from the oviductal
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epithelium provide a superior embryo co-culture environment.
Eyestone and First (1989) collected one- to eight-cell embryos from cattle
and co-cultured them with either suspended or monolayered oviductal cells.
W hen embryos were cultured for four days with suspensions of oviductal cells,
46% (38/82) developed to the morula or blastocyst stage compared with only
4%

(1 /2 7 )

reaching those stages in medium alone.

Co-culture with

monolayered oviductal cells gave similar results, with 43% (15/34) reaching the
morula or blastocyst stage on the oviductal monolayers compared with 3%
(1/37) reaching those stages in medium alone.
Ellington et al. (1990a) surgically collected one- and two-cell bovine
oocytes then cultured them with fresh bovine oviductal epithelial cells, frozenthawed bovine oviductal epithelial cells or in medium conditioned with oviductal
cells. No difference was noted with regard to development past the eight to 16cell block, however, the embryos cultured on fresh oviductal epithelial cells had
significantly higher cell counts than embryos cultured on frozen-thawed cells or
in conditioned medium alone.

The embryos cultured on fresh cells also had

better embryo viability scores than embryos in the other two treatments.
Ellington et al. (1990b) also compared co-culture on monolayers of
bovine oviductal epithelial cells to in vivo culture in the ligated oviducts of
rabbits using one- to two-cell bovine embryos. Embryos co-cultured on these in
vitro monolayers for 5 days had similar numbers of cells and resulted in similar
pregnancy rates following transfer when compared with embryos cultured in
vivo using the rabbit oviduct system.

Most embryo co-culture research is now

conducted using cells of epithelial or granulosa cell origin rather than fibroblast
origin.
Gandoifi and co-workers (1989) recently isolated two oviductal proteins
which are secreted only during the period corresponding to embryonic passage
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through the oviduct.

Both of these proteins showed an affinity for the zona

pellucida, and studies using a monoclonal antibody to one of the proteins
reveal that it crosses the zona pellucida and associates with the developing
blastomeres. Little is Known about the exact nature of the embryotropic effect of
cell co-culture, however, this recent report (Gandolfi et al., 1990) suggests a
direct effect of oviductal cells on the developing embryo.

Trophoblastic Vesicles
Although early stage mammalian embryos have proved difficult to culture
in medium alone, later stages of the same embryos will readily develop in
culture following their hatching from the zona pellucida. Heyman et al. (1984)
developed an embryo co-culture method using tissue from these later-stage
embryos
Embryos collected at days 12 to 14 following estrus are at the elongating
blastocyst stage.

These embryos can be microsurgically sectioned and the

resulting pieces will form spherical vesicles that survive £ 3 weeks in culture.
These spheres of embryonic tissue are now called trophoblastic vesicles (TV).
Camous et al. (1984) were able to overcome the eight- to 16-cell block to
bovine embryo development in vitro by co-culture with TV prepared from day-13
or 14 bovine blastocysts. When one- to eight-cell embryos were cultured with
these TV 46% developed to the morula stage compared with 18% morulae
when embryos were cultured in medium alone.
Heyman e ta l. (1987) cultured early stage bovine and ovine embryos with
T V and compared the development of these embryos with similar embryos
cultured in medium alone.

When one- to eight-cell bovine embryos were co-

cultured with TV prepared from day-14 bovine blastocysts, 46% reached the
morula stage compared with only 18% reaching the morula stage in medium
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alone.

When 55 one-cell bovine embryos were cultured with TV, 23 (44% )

cleaved beyond the eight-cell stage, compared with only nine of 67 (13%) one
cell embryos cultured in medium alone.

When one-cell sheep embryos were

co-cultured with TV prepared from day-12 ovine blastocyst, 75% reached the
morula stage compared with onty 3 5% of the one-cell embryos cultured in
medium alone.
These workers were able to obtain high rates of development by using
medium conditioned with bovine TV.

When one- to two-cell bovine embryos

were cultured in TV-conditioned medium, 30 of 36 (83% ) cleaved past the eight
cell stage compared with 38 of 55 (69%) embryos co-cultured with bovine TV.
Pool et al. (1988) used microsurgical techniques to place early-stage
bovine morula inside of bovine TV for co-culture.

Following 60 hours of co

culture 69% (25/36) of the embryos co-cultured with TV were evaluated at good
or excellent quality grades compared with 36% (13/36) of the embryos cocultured inside of TV and 22% (8/36) of the embryos cultured in medium alone.
The placement of embryos inside of TV did not prove to be as effective as
simple co-culture with TV.
Maciulis et al. (1987) used dispersed cells from day-12 to 14 sheep
embryos and found that these cells enhanced the embryotropic effects of
epithelial cell co-culture.

When one- and two-cell ovine embryos were co-

cultured on ovine oviductal epithelial cells for four days only 15% morulae were
observed on oviductal cell co-cultures com pared with 54% morulae on
combined oviductal and embryonic cell co-cultures.
Bunch et al. (1987) used day-12 to 14 sheep embryos to produce both
TV and dispersed embryonic cells for embryo co-culture. When two to eight-cell
embryos were co-cultured with dispersed embryonic cells 64% reached the
hatched blastocyst stage compared with only 6% hatched blastocysts when
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embryos were co-cultured with TV.

The results of this experiment are

inconclusive, however, since different culture media were used in the different
treatment groups.
The timing of embryo collection for the production of TV has been shown
to be critical.

Rexroad and Powell (1988) used day-14 ovine blastocyst to

produce TV for embryo co-culture. When one-cell ovine embryos were cultured
with these TV for 24 or 72 hours, the cleavage rates were slightly less than
when one-cell embryos were cultured in medium alone.

III. In Vitro Fertilization
B a c k g ro u n d
Prior to 1981, in vitro fertilization (IVF) resulting in the birth of live young
had only been successfully performed in rabbits, rats, mice, hamsters and
humans (See review by Wright and Bondioli, 1981).

Attempts at producing

calves by IVF of bovine oocytes were numerous, but unsuccessful.

The

development of repeatable IVF procedures for the production of early-stage
bovine embryos has been an important goal for researchers working with
bovine gametes. Apart from basic science, there are several obvious reasons
for the development of practical IVF techniques.

The collection of multiple

embryos from superovulated cattle first requires the injection of donor cattle with
expensive hormone treatments. In addition, the actual collection of early stagebovine embryos requires labor intensive and time consuming surgical
procedures that could be avoided by using IVF.

Another desirable aspect of

producing embryos via IVF is the large numbers of oocytes which can be
obtained from inexpensive slaughterhouse materials, allowing experiments to
be completed in shorter periods of time.
Some of the early researchers working with bovine IVF did achieve

23

fertilization of oocytes, but little development subsequently occurred. Brackett et
al. (1978) reported some success using oocytes collected from oviducts or
follicles following gonadotropin-treated donor cattle.

They achieved 56%

fertilization (14/25) using these in wVo-matured oocytes.

O f the 14 fertilized

oocytes, 10 (71%) underwent cleavage to the two and four-cell stage.
Successful production of a live calf by IVF procedures was accomplished
in 1981 (Brackett et al., 1982). Oocyte donors were prepared by injection with
1500 III of pregnant mare serum gonadotropin followed at 72 hours by a 40 mg
injection of prostaglandin F 2 tt- In wVo-matured oocytes were surgically
recovered from oviducts and ovarian follicles and then placed with sperm cells
for 18 to 24 hours.
Fresh semen was collected from five bulls for use in IVF procedures.
Data from one bull used on the oocytes recovered from 7 cows resulted in the
fertilization of 22 oocytes when 35 tubal oocytes were exposed to sperm in vitro
(62.9% ). When oocytes were aspirated from follicles nine of 39 (23.1% ) were
fertilized. A total of seven embryo were surgically transferred to the oviducts of
synchronized recipients resulting in the birth of the first live calf from IVF in
cattle.
Brackett et al. (1984) later reported the birth of twin calves following the in
vitro fertilization of bovine oocytes matured in vivo.

Oocytes were surgically

recovered from donor cows following hormonal stimulation with either pregnant
mare serum gonadotropin (P M S G ) or follicle stimulation hormone (FSH).
Following fertilization, embryos were surgically transferred to the oviducts of five
recipient cows. Two of the recipients carried twin pregnancies to term, following
the transfer of two and three embryos to their oviducts. One set of twins died
during parturition, the second set resulted in the birth of two normal bull calves.
Sirard and Lambert (1985) recovered in vivo matured oocytes from
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PM SG and FSH stimulated cattle using laparoscopic techniques.

These

workers found that the highest rates of cleavage following fertilization occurred
when oocytes had expanded cumulus complexes rather than compact cumulus
complexes.

Cleavage rates of 60% were obtained when Brackett's defined

medium was used for in vitro final maturation, fertilization, and growth.
Development to the 16-celi stage was observed in vitro. Lambert e ta l. (1986)
also used laparoscopic techniques to recover 1618 oocytes from donor cattle
stimulated with FSH.

The highest rates of cleavage following fertilization

occurred when oocytes were surrounded by expanded cumulus cell complexes.
These workers also obtained 16-cell bovine embryos

in vitro following

fertilization.
The oocytes used by the researchers in the latter four studies were
matured in vivo following hormone treatment of donor cattle. Oocytes obtained
in this manner do not represent a practical resource for domestic animal embryo
research, since the oocytes must be collected using the sam e surgical
procedures as early-stage embryos.
In order for IVF to be a practical tool for the production of cattle embryos,
it is necessary to develop in vitro maturation (IVM) procedures. The ability to
promote maturation in oocytes aspirated from small follicles allows oocytes
obtained from the abattoir to be used, increasing the numbers of oocytes
available and decreasing the difficulty their collection.
Newcom b e t a l. (1978) obtained pregnancies following the in vivo
fertilization of oocytes which had been matured in vitro. Oocytes were obtained
by aspirating 2 to 5 mm follicles on abattoir ovaries. Oocytes were matured for
22 hours at 37° C in Ham’s F-10 medium supplemented with estrus-cow serum,
estradiol-178 and HCG.

Fertilization of these in v/fro-matured oocytes was

executed in vivo by transferring the oocytes to the oviducts of previously
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inseminated heifers. Overall, 23% of the embryos recovered seven days after
transfer were at the 28-cell stage. Twin calves were born following the transfer
of two blastocyst to a synchronized recipient.
Development in IVM-IVF-derived bovine embryos appears to be at least
partially dependent on the presence of cumulus cells during IVM culture. Ball et
al. (1983) investigated some of the factors affecting IVM of oocytes aspirated
from abattoir ovaries.

These workers obtained increased numbers of

pronuclear-stage embryos (i.e. presence of male and fem ale pronuclei)
following fertilization when cumulus cells were present during IVM .

The

addition of either cAMP or FSH to the IVM medium (modified Tyrode's medium)
also increased the number of oocytes which were fertilized. When Parrish etal.
(1985) coupled this IVM technique with a 6 hour pre-incubation of sperm cells in
medium containing 10jig/ml of heparin, fertilization rates reached 81%.
The latter two reports seem to indicate that supplementation of culture
medium with hormones is necessary for successful IVM. Additionally, Fukui et
al. (1983) obtained fertilization rates as high as 46% following IVM of oocytes in
Ham's F-12 medium supplemented with FBS, LH, and estradiol.

However,

Iritani et al. (1984) used defined Kreb’s medium supplemented only with BSA
for IVM of oocytes aspirated from abattoir ovaries and obtained fertilization rates
as high as 58%.
Although the need for hormone supplementation of IVM medium is
unclear, the presence of cumulus cells appears to be critical.

Critser et al.

(1986) matured oocytes from 1 to 5 mm follicles in vitro by culturing them with or
without granulosa celts.

Although no differences in nuclear maturation,

fertilization or formation of mate pronuclei were noticed, there were differences
in the subsequent embryo development. Following transfer to sheep oviducts,
no development (0/44) was observed when oocytes w ere matured without
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granulosa cells.

However, 36% (8/22) of the fertilized oocytes that had been

matured with granulosa cells developed to the morula and blastocyst stage.
Faundez et al. (1988) have compared the IVM of bovine oocyte following
co-culture of oocytes on monolayers of granulosa cells from different sized
follicles.

Co-culture with granulosa cells obtained from preovulatory follicles

tended to give higher maturation rates than did co-culture with granulosa cells
obtained from small follicles. However, fertilization rates for oocytes cultured on
granulosa cell monolayers were higher than when oocytes were cultured in
medium alone. The highest rates of fertilization were achieved when oocytes
with intact cumulus cell masses were co-cultured on granulosa cell monolayers.
The ultimate test of an IVM -IVF system is not, however, fertilization rates
but the birth of live young. Cheng

et at. (1986) aspirated oocytes from the

ovaries of non-stimulated ewes either surgically of following slaughter and
matured the oocytes in vitro with additional cumulus cells in medium 199
supplemented with LH, FSH, prolactin and estradiol-178. Following fertilization,
pronuclear-stage embryos were surgically transferred to the oviducts of
synchronized recipient ewes. Pregnancies were obtained in seven of 16 (44%)
recipient ewes and 10 normal lambs were born.

The birth of live young from

IVM -IVF-derived ovine embryos in the latter study set a standard for IVF in
domestic species, however, the need for hormone supplementation in bovine
IVM -IVF systems remains unclear.
Lu et al. (1987) established pregnancies in cattle following the transfer of
IV M -IV F derived bovine embryos which were matured in medium

199

supplemented with estrus cow serum (ECS) and no additional hormones. ECS
likely contains higher hormone (FS H , LH and estradiol) levels than FBS,
however, Goto et al. (1988) subsequently reported pregnancy rates of 50%
following the transfer of blastocyst developed from oocytes matured in medium
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199 supplemented with FBS and fertilized in vitro.
To date, studies directly comparing the supplementation of IVM medium
with either FBS or ECS have yielded conflicting results.

In a recent review,

Gordon (1990) states that ECS is more effective than FBS for the IVM of
immature bovine oocytes. However, Fukui and Ono (1989) found no difference
in the rate of blastocyst formation in IVF-derived embryos following IVM in
medium supplemented with either FBS or ECS. These workers do state that the
presence of cumulus cells during IVM culture is critical, and this appears to be
consistent in the current literature concerning the IVM of bovine oocytes.

Potential Applications of IVF Procedures
Abattoir ovaries are currently the most available source of bovine ovaries
(and consequently the most widely used in the research laboratory), however,
they are of little use for commercial exploitation of IVF procedures.

Gametes

obtained from abattoir material do not represent genetically superior cattle, and
therefore are of marginal use to the feedstock industry.
New techniques for obtaining oocytes from high quality commercial cows
are being developed (Ryan eta l., 1990; Kruip e ta l., 1990). Kruip e ta l., (1990)
has recently demonstrated that oocytes can be successfully collected from 4 to
8 mm follicles on the ovaries of nonstimulated cycling dairy cows using
sonographic guided transvaginal collection procedures.

Pregnancies resulted

from the transfer of IVF produced bovine zygotes that were cultured for six days
in the ligated oviducts of ewes following these transvaginal collection
procedures.
Commercial application of IVF procedures may also be practical in high
producing dairy cows using a new technique developed by Ryan e ta l. (1990).
Development

of IVF oocytes to the morula stage was observed following
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aspiration of follicles from the ovaries of pregnant cows that were stimulated
with follicle stimulating hormone.

The use of this technique would allow

embryos to be obtained from valuable, high producing dairy cows while they
were gestating. The commercial exploitation of IVF procedures could become
practical by combining this technique with the transvaginal collection
procedures reported by Kruip et al.
Another application of IV M -IV F procedures is the potential ability to
decrease the length of time between successive generations of animals.
Kajihara (personal communication) has obtained pregnancies following the
transfer of embryos derived from IVM -IM F of oocytes from 8-week-old heifer
calves.

R epeated use of such techniques would result in successive

generations of bovine offspring less than one year apart, greatly accelerating
the selective breeding process.
In spite of the current limitations of IVF procedures, the research
implications of such techniques are considered a m ajor breakthrough.
Techniques for producing embryonic clones (Robl, e ta l., 1987) may cause a
more immediate need for oocytes obtained from the abattoir. Embryonic clones
are produced by electrically fusing single blastomeres from 16 to 32-cell
embryos with half of a fertilized oocyte. Although the commercial application of
this technique currently uses oocytes obtained by surgically collecting
stimulated donors (Bondioli et al., 1990), limited development has been
reported using oocytes aspirated from the ovaries of slaughtered animals
(Prather e ta l., 1987).

As oocyte maturation techniques improve, the use of

oocytes obtained following slaughter for nuclear transplantation will most likely
become more efficacious due to the decreased cost and effort involved.
Current techniques for introducing genes into the genome of farm
animals also require the use of early-stage embryos. These techniques were

29

developed using mouse embryos, and require that embryos be microinjected
while at the pronuclear stage (Gordon e ta l., 1980, 1981).

Such techniques

have been attempted with very limited success in the farm species. Pursel et al.
(1 9 89 ) recently reviewed the progress in applying murine techniques to
livestock embryos, and reported that only 8% of 7000 microinjected pig
embryos developed to live young following transfer.

O f this 8% , only 7%

expressed the exogenous genes, giving an integration efficiency of .56% for pig
embryos.
Clearly there is much work to be done in the area of farm animal genetic
engineering, but the large numbers of early stage embryos that can be
produced by IVF techniques may assist in the development of these techniques.

Culture of IVF-Derived Embryos
The technologies of mammalian IVF, nuclear transplantation and gene
transfer require the manipulation of very early-stage embryos. The commercial
application of these techniques, depends on the ability of these embryos to
develop following transfer to recipient animals. It is highly desirable to perform
such transfers to recipient cattle using nonsurgical techniques, however, the
embryos produced by means of IVF and nuclear transplantation are not at the
proper embryonic stage for nonsurgical transfer.

A minimum of six days of

embryonic development must occur for the IVF-derived embryo to be at the
developmental stage of morula or blastocyst. Embryos must be at this stage to
survive in the recipient uterus, the site of nonsurgical embryo transfer
(Schneider et al., 1980; Massey and Oden, 1984; Hasler et al., 1987).

In a

recent review comparing the efficiency rates for the various stages of the bovine
IVF process (including oocyte maturation, fertilization rate, pregnancy rate and
offspring born) the lowest rate given was for the development of one-cell
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embryos to blastocyst stage (First and Parrish, 1987).
The techniques developed for the culture of early stage embryos have
been used with varying success on embryos produced by IVF.

Much of the

early successful co-culture done with IVF-produced bovine embryos used the
ligated oviducts of sheep or rabbits, or co-culture with oviductal epithelial cells.
These are the techniques which had proven to be the most effective for the co
culture of surgically collected early stage bovine embryos.
Sirard et al. (1985) transferred IVF-derived embryos at the one to eight
cell stage to the ligated oviducts of pseudopregnant rabbit females, and
obtained 41% morulae when embryos were incubated in vivo for £99 hours.
Several embryos reached the blastocyst stage in the rabbit oviduct.

When

these in vivo cultured embryos were transferred to 14 synchronized recipient
heifers, six (43% ) pregnancies resulted.

Lambert et al. (1986) obtained 46%

pregnancies (6/13) following the transfer of IVF-derived embryos cultured in the
rabbit oviduct.
Xu et al. (1987) aspirated follicular oocytes from abattoir ovaries and then
matured and fertilized the oocytes in vitro. The embryos were then surgically
transferred to the oviducts of synchronized heifers and nonsurgically recovered
by flushing the uterine horns six days later. Of the 40 embryos recovered, 15
(38% ) had reached the morula or blastocyst stage.

One pregnancy resulted

when two blastocysts were transferred to a single recipient.
Interspecies embryo transfer to the ligated oviducts of ewes is being
successfully used in commercial applications of IVF techniques in Europe. One
of the first reports of significant blastocyst development from in vitro fertilized
bovine oocytes was achieved by transferred bovine zygote to ligated sheep
oviducts immediately following fertilization procedures (Lu et al., 1987).

After

six or seven days of culture, blastocyst development was as high as 74% in
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several treatments.

Following the transfer of these embryos, 67% of the

recipients (12/18) were diagnosed pregnant at £69 days gestation.
Ectors and co-workers (1989) used synchronized rabbits and ewes for
the culture of IVF derived bovine embryos at the two-cell stage.

Embryos

placed in ligated rabbit oviducts were cultured for four days, and only 36 of 180
(15% ) were recovered.

Of these 36 recovered embryos, 9 (25% ) underwent

normal development. When these workers transferred 50 IVF-derived two-cell
embryos to sheep oviducts, 36 (72% ) were recovered.

Normal embryonic

development was observed in 9 (25% ) of these embryos.
Lu et al. (1988) reported the birth of live calves following the transfer of
morula that resulted from the in vitro culture of IV M -IVF produced embryos.
These embryos were cultured on oviductal epithelial cells prepared by stripping
bovine oviducts obtained at slaughter.

The first twin IVF-calves were born

following the transfer of two morulae to a single recipient.
In their 1989 report on co-culture of surgically collected early stage
bovine embryos with oviductal cells and conditioned medium, Eyestone and
First also tested these culture conditions with embryos obtained from IVF. The
proportion of embryos which developed to the morula and blastocyst stage was
greater when embryos were co-cultured with oviductal cells or in conditioned
medium than when embryos were cultured in medium alone.

IVF-derived

embryos cultured in medium alone cleaved at similar rates, but only 3% (7/203)
reached the morula or blastocyst stage compared with 22% (44/203) in co
culture and 22% (46/205) in conditioned medium. Pregnancies resulted in 6 of
11 (55% ) recipient cows when these embryos were nonsurgically transferred.
Kim e ta l. (1990) recently obtained development of IVF-derived bovine
embryos to the blastocyst stage using co-culture with bovine oviductal epithelial
cells and simple, defined medium. When 138 fertilized oocytes were placed on
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bovine oviductal epithelial cells in serum-free Chatot-Ziomek-Bavister medium,
104 (75% ) underwent cleavage and 14 (10%) reached the blastocyst stage.
Amniotic sac cells have also been used in co-culture systems for IVFderived bovine embryos. Aoyagi et al. (1989) compared four in vitro co-culture
systems (bovine oviductal epithelial cells, cumulus cells, trophoblastic vesicles
and amniotic sac cells) to culture in medium alone and in vivo culture in the
rabbit oviduct. Eight-celi embryos produced by IVF went to the blastocyst stage
at higher rates with oviductal cell, trophoblastic vesicle and amniotic sac cell co
culture (39.0, 50.7 and 48.6 % ) when compared with cumulus cell co-culture
(19.5 % ) and in vivo culture in the rabbit oviduct (29.3 % ).

In vitro culture in

medium alone resulted in only 1.9 % of the embryos reaching blastocysts.
However, recent reports indicates that the granulosa cells obtained
during aspiration of cumulus oocyte complexes do provide an effective co
culture system for IVF-derived bovine zygotes (Kajihara e ta l., 1987; Goto e ta l.,
1988a, 1988b).

Kajihara et al., (1987) reported development of IVF-derived

embryos to the hatched blastocyst stage during in vitro culture on granulosa
cells obtained during follicular aspiration.

Goto et al. (1988) subsequently

reported that pregnancies could be obtained following long term co-culture of in
vitro-fertilized oocytes (6 to 7 days) with these granulosa cells. In this report, 84
of 562 (15% ) IVM -IVF embryos reached the blastocyst stage when co-cultured
with cumulus cells.
In a subsequent report using this co-culture procedure on 684 IVM -IVF
embryos, Goto et ai. (1988b) reported that 171 (25% ) of the bovine embryos
reached the eight-cell stage after three to four days of culture. At five to six days
of culture, 144 (21%) embryos reached the morula and blastocyst stages. In a
more recent study, Berg and Brem (1990) obtained significantly higher rates of
development to the morula and blastocyst stages when embryos were co
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cultured with granulosa cells (32%) compared with co-culture on monolayers of
oviductal epithelial cells (17%).
Nakao and Nakatsuji (1990) com pared bovine T V co-culture with
cumulus cell co-culture for the development of IVF derived bovine embryos and
determined that both were able to promote development past the in vitro
developmental block.

The IVF-derived embryos were removed from their

attached cumulus cells at the two to eight-cell stages and then cultured in
medium alone or co-cultured with bovine TV, cumulus cells, bovine T V and
cumulus cells or with bovine fibroblasts. Development to the morula stage was
higher when embryos were co-cultured with TV (17.2% ), cumulus cells (19.2% ),
or TV and cumulus cells (16.2% ) when compared with culture on fibroblast
monolayers (6%).

In this study, there appeared to be no additional benefit

when co-culture treatments were combined.
Despite acceptable rates of development to the morula and blastocyst
stages using cumulus cell co-culture, some studies have indicated that the
viability of such embryos is not optimal. Analysis of bovine embryos recovered
in vivo has revealed that the number of blastomeres present was also an
important parameter for assaying embryonic development (Wurth e ta l., 1988).
Iwasaki and Nakahara (1990) have recently reported that IVF-derived bovine
blastocysts resulting from co-culture with cumulus cells have only half as many
cells as IVF-derived blastocyst that were cultured in the ligated oviducts of
rabbits.
The

effectiveness

of co-culturing

IV F -d erived

em bryos

on cell

monolayers has recently been confirmed in several human IVF laboratories.
W iem er and co-workers (1989) uses bovine uterine fibroblast for the co-culture
of IVF-derived human embryos for periods of 26 to 32 hours. When 288 zygotes
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were cultured on monolayers or in medium alone, significantly more embryos
had "good" morphology when cultured on monolayers (52% ) compared with
culture in medium alone (30% ).

Higher rates of implantation and ongoing

pregnancies were also observed when embryos were co-cultured.
Bongso and co-workers (1989) observed improved in vitro development
of IVF-derived human zygotes by co-culturing them with human ampullary cells.
Formation of a blastocoel cavity was observed in 78% of 23 human embryos in
co-culture, compared with only 33% blastocyst forming from 18 embryos
cultured in medium alone.

Menezo and co-workers (1990) used vero (green

monkey kidney) cells for the co-culture of poor quality human embryos which
were not transferred and judged to be unsuitable for freezing. When these poor
quality embryos were placed on monolayer co-culture for five days, 61% of 41
embryos reached the blastocyst stage, compared with only 3% of 31 similar
quality embryos cultured in medium alone.

IV.

Chick Embryo Co-Culture

Biochemistry of the Avian Embryo
The avian egg represents a complete environment for the development
of the avian embryo from the blastoderm to the hatchling stage. The chemical
composition of the egg and its yolk and albumen components are shown in
Table 1.
At the time of laying the albumen contains almost 90% of the water in the
egg in addition to two-thirds of the carbohydrates and half of the proteins. The
components of the egg albumen are consumed very slowly prior to day-13,
when the albumin pours through the newly opened sero-amniotic connection
and is ingested by the chick embryo.
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Table 1. Chemical composition of the fresh hen's egg (excluding shell)
Nutrient

Whole egg

Albumen

Yolk

(%)

73.7

87.77

49.0

Protein (%)

13.4

10.00

16.7

Lipid

(%)

10.5

.05

31.6

Ash

(%)

1.0

0.82

1.5

Water

Runge (1982)

The egg yolk supplies most of the nutritional requirements of the developing
embryo during the early stages of development (Romanoff, 1967).
Egg yolk is a rich source of energy, 64% of the dry weight of the egg yolk
is made up of high energy lipids. These include lecithin, cephalin, cholesterol
and other sterols, carotenoids and ergosterol.

Egg yolk contains the

carbohydrates glucose, glycogen, lactic acid, as well as bound sugars and
molecules of high energy adenosine triphosphate (ATP). Egg yolk contains all
20 essential amino acids, as well as the vitamin A, ascorbic acid, vitamin B 1 2 ,
choline and thiamine. Among the minerals found in egg yolk are phosphorus,
sulfur, chloride, calcium, sodium, potassium, magnesium, silicon and iron. The
yolk also contains the proteins ovovittellin, ovolivetin, and vitellomucoid
(Romanoff, 1967).
During early development, these yolk components are transported to the
developing chick embryo via the vitelline circulation.

The embryo then uses

these basic compounds for the synthesis of specific embryonic proteins and
structures. The amniotic fluids which constantly bathe the chick embryo during
development are 99% water up until day-11. This water is thought to be the by
product of embryonic metabolism and utilization of foodstuffs (Runge, 1982).
These watery fluids are isoosmotic and contain m any of the soluble
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components of the egg yolk and the chick embryo blood plasma.
The amniotic fluid contains ions of chloride, sodium, potassium,
phosphorus, magnesium, calcium, iron and sulfur. The ionic strength of sodium,
potassium, calcium and chloride on day 11 of developm ent have been
measured at 134, 4.5, 1.6 and 131 mM (Smoczkiewiczowa, 1959). Low levels
of protein and carbohydrates have also been detected in the amniotic fluids of
the early chick embryo.

Early Use of Chick Embryo Extracts in Mammalian Cell Culture
Chick embryo extract (CEE) was among the first factors used to stimulate
the growth of mammalian cells in culture.

Carrel (1913) reported preparing

C EE by grinding the tissues of six to 20-day-old chicks, then centrifuging the
ground tissues in Ringer's solution and removing the supernatant.

By adding

these extracts to in vitro cultures of canine connective tissue a three fold
increase was noted in the rate of in vitro growth. In a second experiment, Carrel
(1913) added Ringer's solution to the ground chick embryos and placed them in
cold storage for 20 days prior to centrifugation.

When the supernatant from

these chick embryo preparations was used for in vitro culture of canine
connective tissues, a thirty fold increase in cell growth resulted.
In a later study Willmer and Jacoby (1936) prepared C EE from sevenday-old chick embryos and found that this extract had the ability to stimulate the
development of avian cells that had ceased to grow in culture. In this study the
rate of cell proliferation was found to be proportional to the concentration of
CEE in the culture medium. This growth promoting effects were not detected
when male serum (rooster) was added to the culture medium.
Endocrine activity in chick embryos is known to occur at relatively early
stages of development (Scanes e ta l., 1987).

The hypothalamic hormones

37

thyrotropin-releasing hormone (Thommes e ta l., 1985) and lutenizing hormonereleasing hormone (Woods et al., 1985) have been detected at days 4.5 and 5.5
of development, respectively.

The pituitary hormones adrenocorticotropic

hormone, growth hormone, prolactin (Jozsa et al., 1979), lutenizing hormone,
follicle stimulating hormone (Woods et al., 1985) and thyrotropin (Thommes et
a l., 1985) have also been detected at days 7, 12, 6, 4.5, 4 .5 and 8.5,
respectively.

Additionally, estrone and 178-estradiol have been detected in the

amniotic fluids of day-10 chick embryos of both sexes (Ozon, 1969).

The

presence of these hormones may account for some of the ability of CEE to
promote the proliferation of mammalian cells.
New and Stein (1964) first reported the use of C EE in mammalian
embryo culture.

An attempt to improve the techniques for culturing post

implantation stage mouse and rat embryos was made by placing day-seven to
10 mouse embryos in plasma clots which contained 15 drops of fowl plasma
and five drops of C EE prepared from day-13 chick embryos.

The mouse

embryos were at the one to seven somite stage and had a yolk sac with a 1 to
1.5 mm diameter when taken from the uteri of pregnant mice and placed in
culture. When 32 mouse embryos were placed in plasma clots containing CEE,
50% (16/32) developed blood circulation in vitro. After 36 hours of in vitro
culture, four of the 32 mouse embryos (12.5% ) contained 24 to 32 somites, had
a yolk sac diameter of 3.5 to 4.5 mm and some development of tail and posterior
limb buds.

It was also noted that C EE was capable of promoting the in vitro

growth of mouse embryos at a rate similar to that of mouse embryo extract
prepared from day-17 to day-18 mouse embryos.

In Vitro Culture of Chick Embryos
The chorioallantoic membrane (CAM) of the chick embryos has proven to
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be an effective site for the transfer and study of tumors and other rapidly
proliferating tissues, due to the rapid angiogenesis this membrane allows (Vu et
al., 1985). However, transfer and subsequent analysis of foreign tissues on the
CAM chick embryos is difficult to complete when the chick remains inside the
intact eggshell. For this reason, techniques have been developed for culturing
chick embryos without the eggshell.
Aurbach e ta l. (1975) reported a technique using petri dishes which
allowed shell-less growth of chick embryos from day-3 to day-20 of incubation.
After 3 days of incubation in the shell, the eggs were cracked and egg contents
deposited in a 20 x 100 mm plastic petri dish. This petri dish was placed in a
larger petri dish containing a small volume of water and the system was capped
and incubated at 37° C in a humidified 2% C O 2 atmosphere.

Although some

chicks developed to day-20 of incubation using this procedure, 50% died during
the first three days of culture.
A more effective in vitro technique for the shell-less culture of avian
embryos was subsequently reported by Dunn (1974), and later modified by
Dunn and Boone (1976). In this technique, the chick embryo was suspended in
a piece of plastic wrap which was placed over a 5 x 7.8 cm tube. This system
was also incubated at 37° C in a humidified 2% C O 2 atmosphere.

Using this

system, 75% of the chick embryos survived through 17 days of incubation.
Although chick embryos cultured in vitro commonly develop through 21
days of total incubation, successful hatching does not occur (Rowlett and
Simkiss, 1987). The CAM itself does not develop normally if it is not in contact
with the shell m embrane (Dunn and Fitzharris, 1979).

Perhaps more

importantly, developing shell-less chicks are hypocalcaemic since the eggshell
normally supplies 80% of the embryos calcium requirements (Crooks and
Simkiss, 1975).
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Recently, Rowlett and Simkiss (1987) have successfully "hatched" chicks
cultured in vitro by replacing the plastic bowl with a surrogate eggshell. The top
third of shell was removed from either a turkey egg or a larger chicken egg and
the contents discarded.

Day-3 chick embryos suspended in plastic kitchen

wrap were carefully lowered into the surrogate eggshell and the plastic wrap
slipped away.

Incubation of these surrogate eggshell systems resulted in 20%

of the embryos surviving to hatching.

Amniotic Fluids In Embryo Culture
Human amniotic fluids have recently been used as an alternative to
balanced salt solutions for in vitro fertilization and culture of human embryos
(Gianaroli et al., 1986). The amniotic fluids used in this study were collected
from women during the 16th to the 21st weeks of gestation.

The fluids were

derived

used

by

am niocentesis

and

the

supernatant

w as

following

centrifugation. When amniotic fluids were used for the culture of two-cell mouse
embryos, 91% developed to the blastocyst stage compared with 85% cultured
in Whittingham’s T6 medium supplemented with FBS.
When amniotic fluids from different stages of gestation (weeks 16 to 21)
were used for the culture of two-cell mouse embryos, no differences in
embryotropic activity were observed in fluids from different stages of pregnancy.
These fluids were also used for the fertilization, culture, and transfer of human
embryos.

When amniotic fluids were used in these procedures for nine

patients, four (44% ) pregnancies resulted.

This compared with only two

pregnancies in 12 patients when T6 medium supplemented with maternal
serum was used in fertilization, culture and transfer procedures.
In a study using fresh and frozen-thawed amniotic fluids of human origin,
Fugger e ta l. (1987) noted no differences in the development of early-stage
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murine embryos when amniotic fluids were frozen prior to culture. In this study,
human amniotic fluids from weeks 14 to 23 of pregnancy were used for the in
vitro culture of two-cell murine embryos. When non-frozen amniotic fluids were
used, 95.6% blastocyst development occurred, compared with 97.4% blastocyst
development in frozen-thawed amniotic fluids. The results from both amniotic
fluid cultures were greater than the 77.8% blastocyst development in control
medium (Ham's F-10 + 10% human serum).
Recently, embryotropic activity has been verified in human amniotic fluids
using early-stage murine embryos cultured with amniotic fluids obtained from
women during early pregnancy (Ball ef a/., 1988). In this study, amniotic fluids
from later stages of pregnancy were also used for the culture of two-cell mouse
embryos. The use of amniotic fluids from women at 35 to 39 weeks of
pregnancy resulted in significantly less development to the hatching blastocyst
stage than when amniotic fluids from women at 15 to 16 weeks of gestation
were used.
In another study Oettleg and Wiswedel (1990) used human amniotic fluid
for the culture of murine embryos. When 1000 mouse embryos were cultured for
72 hours in human amniotic fluid extracted during the 16th week of pregnancy
or in Earle's medium there were significantly more expanded blastocyst in the
amniotic fluid culture. In another study, 92 % of the IVF-derived murine embryos
cultured in human amniotic fluids underwent cleavage compared with 86%
undergoing cleavage in Ham's F-10 medium (Coetzee et a l., 1990).
Bovine amniotic fluids have recently been used for the culture of murine
embryos (Javed et al., 1990).

Two-cell murine embryos were successfully

cultured to the hatched blastocyst stage in frozen-thawed bovine amniotic fluids
obtained at less than 70 days of gestation. Rates of development to the hatched
blastocyst stage in these frozen-thawed amniotic fluids were less than when
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two-cell mouse embryos were cultured in Whitten's medium (17 vs. 59.6% ).
However, when the fluids were not frozen prior to culture, amniotic fluids from
<70 days of gestation resulted in developmental rates equal to culture in
Whitten's medium (66.6 vs. 63.9%).
The successful reports of in vitro mammalian embryo development in
amniotic fluids from several mammalian species suggest that these fluids may
offer an alternative to serum-supplemented culture media. Additionally, if avian
amniotic fluids share these embryotropic properties the in vivo characteristics of
the chick embryo amniotic cavity may make it suitable for the culture of
mammalian embryos.

CHAPTER II
DEVELOPING A M ETHOD USING THE CHICK EMBRYO AMNION
FOR MAMMALIAN EMBRYO CULTURE

Introduction
The harvesting of oocytes, pronuclear-stage and early-stage farm animal
embryos for research applications previously required the use of stimulatory
gonadotropins for donor females and time consuming surgical procedures. The
recent advent of bovine in vitro fertilization (IVF) has increased the availability of
these eariy-stage embryos by allowing oocytes to be harvested from slaugh
terhouse tissues.

In order for these embryos to be incorporated into micro

manipulation and successful transfer studies, they must develop to later
morphological stages in an effective culture system (Leibfried-Rutledge et al.,
1989). Development of embryos produced by IVF has recently been achieved
by transferring to the oviducts of surrogate animals (Lu et al., 1987), however,
these procedures are labor intensive and require multiple surgeries.

The

application of tissue culture techniques to mammalian embryos have proven
inadequate due to the in vitro culture "block" in early-stage mammalian
embryos.

Improved development of preimplantation m ammalian embryos

outside of a female reproductive tract apparently requires co-culture with cells
derived from embryonic origin or from the reproductive tract (Rexroad, 1989).
The use of avian eggs for the culture of mammalian embryos was
envisioned by R.A. Godke as early as 1975 (personal communication).
However, attempts at using the unfertilized hen's egg for the culture of
m ammalian embryos repeatedly yielded poor results (Blakewood et al.,
unpublished), therefore, later experiments were conducted using fertilized hen's
eggs. After several months of trial and error using fertile hen's eggs at various
stages of incubation, a technique was developed that used shell-less chick
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embryos for the co-culture of mammalian embryos.

This unique co-culture

system allows the mammalian embryos to be introduced into the amniotic cavity
of a developing 4-day chick embryo and subsequently recovered after up to 96
hours of co-incubation.
mice,

This approach was used for culturing embryos from

goats and cattle in a series of ten experiments described in this

dissertation.

Experim ental Procedure
The necessary supplies and materials required for the chick embryo co-culture
method described below are listed in Appendix I.
A.

B.

Preparation of in vitro chick embryos
1.

Rinse fertile hen's eggs with a 70% ethanol solution.

2.

Incubate the fertile eggs 72 hours in a humidified commercial egg
incubator at 37.5° C with periodic rotation of the eggs.

3.

After 72 hours of incubation, rinse the eggs a second time with
70% ethanol and allow them to air dry.

4.

Coat the eggs with Betadine solution and allow them to dry
horizontally for appropriate positioning of the chick embryo.

5.

Place a 100 ml plastic drying dish under a laminar flow hood and
cover it with a 30 x 30 cm piece of cellophane wrap.

6.

Affix the egg to two pieces of medical adhesive tape stretched
across the jaws of a pair of 200 mm surgical retractors.

7.

Crack the area of shell between the pieces of tape by striking the
shell against the rim of a sterile 500 ml beaker.

8.

Hold the cracked egg above the cellophane wrap and release the
egg contents by opening the retractors.

9.

Fold the cellophane around the plastic drying dish and trim away
any excess.

10.

Place the 100 ml drying dish containing the chick-embryo into a
second dish to secure the cellophane and loosely cap the system
with a plastic lid.

11.

Incubate shell-less chick embryo system for 24 hours in a 37°
incubator with a 2% CO 2 in air atmosphere prior to the introduction
of the mammalian embryos.

Preparation of injection pipettes
1.

Heat a 1 mm O.D. borosilicate glass capillary tube over a gas
microburner and draw it out to an O.D. of 250 urn (200 pm I.D.).

Low melting
Agarose

Add
embryos

Aspirate embryos
into injection
pipette

Cool to
37 C

Allow agarose
to solidify at
20-23 C

Figure 1. Procedure using beveled injection pipette
for agarose embedding of mammalian embryos.
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2.
C.

D.

Bevel the pipette at a 45° angle on a rotary microgrinder.

Injection of agarose-embedded embryos into the chick amnion
1.

Add 15 mg of low-melting point, electrophoresis-grade agarose to
1 ml of sterile PBS and dissolve it by warming the PBS to 75° C
for 10 minutes.

2.

Filter the dissolved agarose through a 0.2 pm acrodisc and allow it
to cool to 50° C.

3.

Add 10 pi of Ab-Am solution to the agarose and maintain it at 50°C
in a water bath.

4.

Pipet 50 pi of agarose solution into a sterile 65 mm petri dish and
place under a warming hood at 30 to 35° C.

5.

Transfer one to four mammalian embryos to the agarose droplet
with stirring to dilute the holding medium in the agarose.

6.

Aspirate the embryos in agarose into a beveled glass pipette (200
pm I.D.) and allow the pipette to cool to 25° C for 1 minute to
permit setting up of the agarose (Figure 1).

7.

Remove a 96-hour shell-less chick embryo from incubation and
place it under a stereomicroscope.

8.

Remove the lid from the dish and visualize the chick embryo
amniotic membrane by using an overhead light source.

9.

Manually pierce the amniotic membrane using the beveled pipette
containing the agarose-embedded embryos.

10.

Expel the embedded embryos from the pipette by means of
positive pressure and carefully withdraw the pipette as shown in
Figure 2.

11.

Return the chick embryo to 37° C incubation for 24 to 96 hours in a
humidified atmosphere of 2% C O 2 in air.

Mammalian Embryo Recovery.
1.

Remove the shell-less chick embryo from incubation and remove
the plastic lid.

2.

Carefully lift the posterior portion of the chick chorioallantoic
membrane with a pair of small, sterile forceps.

3.

Gently lift the chick and amnion from the rest of the egg contents
using a sterile plastic spoon .

4.

Trim away the extra-embryonic membranes (other than the
amnion) with a pair of surgical scissors.

5.

Place the amnion containing the chick embryo in a sterile 65 mm
petri dish and rinse 2x with 5 ml of PBS with 1% FBS and 1% AbAm (PBS medium).
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B

FIGURE 2. Procedure for placement of mammalian embryos
in the chick embryo amniotic cavity. Penetration of 96-h chick
amnion with beveled injection pipette (A) and removal of the
pipette following injection of agarose-embedded mammalian
embryos (B).
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6.

Add 5 ml of PBS solution to the petri dish containing the chick
embryo and move the petri dish to a stereomicroscope.

7.

Visualize the agarose cylinders within the amniotic cavity using a
stereomicroscope at 10x magnification.

8.

Remove the agarose cylinder from the amniotic cavity by using two
22-gauge beveled hypodermic needles to manually make a small
opening (1 to 2 mm) in the amniotic membrane near the agarose
cylinder, allowing the escaping amniotic fluids to carry the agarose
cylinder out into the surrounding PBS medium.

9.

After the agarose cylinder settles in the petri dish, carefully extract
the mammalian embryos from the agarose using the two
hypodermic needles.

10.

Wash the embryos in PBS medium prior to transfer or further
manipulation.

D iscussion
Experimental results obtained in this dissertation indicate that normal
development of mammalian embryos is possible within the chick amniotic
cavity. Chick embryo co-culture has allowed improved growth compared with
culture medium alone in each species evaluated (murine, caprine and bovine),
with embryos consistently passing through the in vitro block stages in
developm ent and a greater percentage reaching the blastocyst stage of
development in culture.
The maximum duration of chick embryo co-culture attempted in an
experiment has been 108 hours. Placing embryos in the amnion prior to day-4
of incubation may not be feasible due to the fact that the chorioamniotic folds of
the chick embryo are not closed until this time. However, it is possible that co
culture begun at day-4 can be continued well in excess of 96 hours.
Unfertilized ova have been agarose-embedded and injected into the amnion of
96-hour chick embryos in order to test the feasibility of longer co-culture
periods. Successful recovery of these ova was possible after 120 hours in the
chick amniotic cavity. In theory, the use of amniotic cavity as a culture vessel
could continue until day 11 or day 12, when the chick begins to ingest the
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amniotic fluid (Romanoff, 1960).
Since the amniotic cavity must be isolated from the remainder of the egg
contents intact, the increased size of the chick embryo and amniotic cavity at
this stage may result in increased pressure on the amniotic membrane during
isolation.

Any resultant rupture of the amniotic membrane would decrease

mammalian embryo recovery rates.

Additionally, the amniotic fluids of later-

stage chick embryos may not prove to be as beneficial as those from earlier
stages.

Furthermore, recovery methods and properties of the amniotic

environment using these later stages require further evaluation.
To date, the only real drawback to using chick-embryo co-culture is the
inherent mortality rate of in vitro chick embryos.

It was noted that a rapid

degeneration of mammalian embryos occurs following chick embryo death,
although the exact cause of this degeneration is not known.

Chick embryo

survival rates of 90 to 95% during the co-culture period appear to be as high as
can be expected (Dunn and Boone, 1976). Hatchability for intact chicken eggs
during incubation is typically reported to be 90% , with a peak of mortality
occurring around day 3 (Guilbert, 1974).

In the case of the large numbers of

gametes afforded by IVF techniques, the potential benefits of chick-embryo co
culture may offset this loss. Nonetheless, it is clear that a fresh source of quality
fertile eggs is a must.

CHAPTER III
CULTURE O F PRONUCLEAR MURINE EMBRYOS IN THE CHICK
EMBRYO AMNION

Introduction
The apparent inability of defined culture media to support the growth of
early mammalian embryos to the blastocyst stage has resulted in the develop*
ment of several alternative culture techniques. These include in vitro co-culture
with "feeder" cells (Cole and Paul, 1965), fibroblast monolayers (Kuzan and
Wright, 1982; Voelkel et al., 1985} or trophoblastic vesicles (Camous e t a l,
1984; Heyman et a l, 1987; Pool et a l, 1988) and in vivo culture in the ligated
oviducts of sheep (Willadsen, 1979).

Recent successes in producing in vitro

fertilized bovine embryos (Lu et a l, 1987), pronuclear gene injection (Hammer
© fa /.,1985) and nuclear transplantation (Willadsen, 1986; Robl e t a l, 1987)
have increased the importance of early embryo culture. A technique has been
developed that allows preimplantation mammalian embryos to be introduced
into the amniotic cavity of a developing chick embryo and subsequently
recovered after 72 to 96 hours of culture.
Chick embryo extract (CEE) was among the first factors used to stimulate
the growth of mammalian cells in culture.

Carrel (1913) found that extract of

chick embryos increased the growth of canine connective tissue at least three
fold in vitro. In later studies with avian tissues, W illmer and Jacoby (1936)
showed that C EE had the ability to stimulate development of cells that had
ceased to grow in culture, with the rate of proliferation proportional to the con
centration of CEE.

New and Stein (1964) cultured post-implantation mouse

embryos on plasma clots containing either mouse embryo extract or CEE and
noted that CEE was capable of promoting the in vitro growth of mouse embryos
at a rate similar to that of mouse embryo extract.
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M aterials and Methods
Preparation of In Vitro Chick Embryos
Fertilized chicken eggs were collected from domestic White Leghorn
hens on the day of oviposition and stored at 10° C until incubation.

Four days

prior to the collection of mammalian embryos, eggs were removed from cold
storage, rinsed with a 70% ethanol solution and placed in a 37.5° C commercial
egg incubator (75 cm x 75 cm), which automatically rotated the eggs 60° every
20 min to prevent adhesion of egg contents to the shell membrane. After 72
hours of incubation, the eggs were again rinsed with a 70% ethanol solution
and allowed to air dry. The eggs were then coated with a commercial Betadine
solution (Purdue Fredrick Company, Norwald, C T) and allowed to dry in a
horizontal position to allow for appropriate positioning of the chick embryo. All
subsequent preparation of shell-less cultures was performed under a laminar
flow hood to minimize the potential for contamination.
The original procedure for shell-less incubation of developing chick
embryos (Dunn, 1974; Dunn and Boone, 1976) was modified as follows for use
as a mammalian embryo co-culture system. To remove the egg contents, two
pieces of medical adhesive tape stretched across the jaws of a pair of 200 mm
surgical retractors were used to affix the egg in place at each pole. A crack was
made by striking the area of shell between the pieces of tape against the rim of
a sterile beaker. The cracked egg was then held above a piece of cellophane
kitchen wrap (Saran®, Dow Chemical, Midland, Ml) covering a 100 ml plastic
embryo collection bowl (Veterinary Concepts, Spring Valley, W l), and the egg
contents were released by opening the spreaders. The cellophane wrap was
folded around the rim of the collection bowl and any excess was trimmed away.
The bowl containing the egg contents was then placed in a second bowl to
secure the cellophane wrap and loosely capped with a plastic lid (Veterinary
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Concepts, Spring Valley, W l).

This shell-less culture system w as then

maintained in a 37° C incubator with a 2% C O 2 in air atmosphere for an
additional 24 hours prior to introduction of the mammalian embryos.

Injection of Agarose-Embedded Embryos Into the Chick Amnion
The procedure for embedding early-stage embryos in agarose was
modified from that used by Willadsen (1979) for micromanipulated ovine
embryos prior to culture in the ligated oviducts of sheep. Since recovery rates
of non-embedded embryos from the chick embryo amnion were typically less
than 50% during a preliminary study, agarose embedding was implemented in
an attempt to increase embryo recovery rates in the present experiment. Lowmelting point, electrophoresis-grade agarose (Catalog No. 5 5 1 7UA; Bethesda
Research Laboratories, Gathersburg, M D) was added to 1 ml of sterile
Dulbecco's phosphate-buffered saline (PBS: Gibco, Grand Island, NY) (pH 7.2,
270 mOsm) at a concentration of 1.5% and dissolved by warming to 75° C for
10 minutes.

Dissolved agarose was filtered through a .2 pm acrodisc and

cooled to 50° C, then 10 pi of an antibiotic-antimycotic solution containing 100
units of penicillin, 100 pg streptomycin, and .25 pg of amphotericin-B (Gibco,
Grand Island, NY) was added, and the agarose solution was maintained in a
50° C water bath.
Immediately prior to embedding, a 50 pi drop of agarose was pipetted
into a sterile petri dish and moved to a warming hood where the embryos were
held in either N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)buffered Whitten’s medium (murine embryos) or a PBS holding medium (bovine
and caprine embryos) at 35° C.

One to four embryos were transferred to each

50 pi agarose droplet. As the embryos were added, the droplets were stirred to
dilute the holding medium (with the embryos) in the agarose. Embryos in the
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agarose solution were then aspirated into a beveled glass pipette (200 pm I.D.)
and cooled to 25° C for 1 minute to allow gelling of the agarose.
Pipettes were prepared by heating 1 mm o.d. borosilicate glass capillary
tubes over a microburner and drawing them out to an o.d. of 250 pm. Pipettes
were beveled on a microgrinder at an angle of 4 5 ° to enable controlled
puncture of the chick amniotic membrane.

An in vitro chick embryo at the

appropriate developmental stage for injection (96 hours of incubation) was
removed from the incubator as the agarose began to congeal.

The lid was

removed from the bowl containing the shell-less chick embryo under a warming
hood and the amniotic membrane visualized (10X) using a Zeiss stereo
microscope (Model M -3, Thornwood, NY) equipped with an overhead light
source.

The amniotic membrane was manually pierced using the beveled

pipette containing agarose-embedded embryos. When puncture of the amniotic
membrane was accomplished, the embedded embryos were expelled from the
pipette, and the pipette was carefully withdrawn.

After introduction of

embedded embryos into the amniotic cavity, the in vitro chick embryos were
incubated an additional 72 to 96 hours at 37° C in an atmosphere of 2% C O 2 in
air.

Mammalian Embryo Recovery
In vitro chick embryos were individually removed from incubation after 72
hours of mammalian embryo (murine) co-culture, and the plastic lids were
removed. The posterior portion of the chorioallantoic membrane was carefully
lifted and drawn anteriorly over the chick embryo. A sterile plastic spoon was
then used to gently lift the chick and amnion from the rest of the egg contents.
Extra-embryonic membranes were trimmed away using a pair of surgical
scissors, and the amnion containing the chick embryo was placed in a sterile
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petri dish and rinsed twice with 5 ml of PBS with 1% heat-treated fetal bovine
serum (FBS) and 1% Gibco antibiotic-anti mycotic solution (Ab-Am).
rinsing,

After

5 ml of PBS solution was again added to the chick embryo, and the

petri dish was then evaluated under a stereomicroscope.

Agarose cylinders

containing the mammalian embryos could be visualized within the amniotic
cavity using a stereomicroscope at 10X magnification.
The agarose cylinder was removed from the amniotic cavity by using two
22-gauge beveled hypodermic needles to manually make a small opening (1 to
2 mm) in the amniotic membrane near the agarose cylinder.

The escaping

amniotic fluids then carried the agarose cylinder out into the surrounding PBS
medium. When the agarose cylinder settled in the petri dish, the mammalian
embryos were carefully extracted from the agarose using the same two
hypodermic needles.

Embryos were then rinsed in PBS holding medium prior

to further culture.

Experimental Design
Donor mice (21-day C57/J and Fi SJL/JxC57 fem ales) were super
ovulated with 5 IU of pregnant mare serum gonadotropin (PM SG ) followed at 48
hours with 5 IU human chorionic gonadotropin (hCG) and placed with either
C 57 or SJL/J males. The F-i females were crossed back to SJL/J males since
SJL/J embryos characteristically show a two-cell in vitro developmental block.
The cumulus ceils were removed from the embryos (collected 26 hours after
HCG) by treatment with 150 lU/ml hyaluronidase in HEPES-buffered Whitten's
medium (Whitten and Biggers, 1968).
Embryos were evaluated for the presence of pronuclei and then
randomly and equally allotted by parental strain to either treatment or control
groups (Figure 3). Embryos in Treatment A were embedded in agarose

Experimental Design
Parental Strain
Treatment A
C57 x C57

Ham's F-10
24

48

72

96

120

Time, Hours
Treatment B
Whitten's Medium (Control)
24

Ham's F-10 Medium
48

72

96

120

72

96

120

Time, Hours
Treatment A
F1 (SJL/J X C57)
x SJL/J

24

48
Time, Hours

Treatment B
| Whitten's Medium (Control)
24

Ham's M O
48

72

r "
96

Time, Hours

Figure 3.

Co-Culture of Murine Embryos in the Chick Embryo Amniotic Cavity

\
120
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cylinders and injected into the amniotic cavity of a 96-hour incubated chick
embryo, as previously described.

Following injection, the culture system was

placed in a 37 ° C incubator containing

2% C O 2 in air.

Control embryos

(Treatment B) were cultured in Whitten's medium with 1% Ab-Am in a 5% C O 2
incubator at 37° C.

After 72 hours of culture, the agarose cylinders were

recovered from the chick amniotic cavity, and the late morula- to blastocyststage embryos were carefully removed from each cylinder.

Embryos from

Treatments A and B were then placed in Ham's F-10 medium (Gibco, Grand
Island, NY) with 10% FBS and 1% Ab-Am (HF-10) and cultured at 37° C in a 5%
C O 2 atmosphere in air for an additional 48 hours to evaluate in vitro
development.
Since mortality of shell-less chick embryos maintained in incubation
typically occurs (Rowlett and Simkiss, 1987), like-quality pronuclear mouse
embryos (collected from corresponding donor females) were used to replace
embryos lost if chick embryo mortality occurred in Treatment A during the co
culture period. Likewise, if contamination of individual culture wells used for the
medium-only group (Treatment B) occurred, like-quality embryos were also
used for replacement. This was done to evaluate the growth and development
of the mammalian embryos across functional culture systems.

Statistical Analysis
Chi-square analysis using a contingency table with continuity correction
(Pearson and Hartley, 1954) was used to compare the mean number of
mammalian embryos with complete blastocoel cavity development (expanded
blastocyst) and the mean number of embryos emerging from a rent in the zona
pellucida (hatching blastocyst) in treatment groups during and following culture
in Treatments A and B.
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Results
Of the 100 pronuclear mouse embryos embedded and placed in the
amniotic cavities of chick embryos, 84% were successfully recovered for culture
in H F-10 medium.

Loss of embryos occurred during recovery or was due to

chick embryo mortality. Chick embryo mortality was the primary reason for the
loss, 5 of the 35 chick embryos (14% ) injected did not survive shell-less
incubation. Chick embryo mortality appeared to be evenly distributed over the
72-hour culture period.
Table 2. The Number and Percent of Murine Blastocysts that Developed
Following Culture in the Chick Amnion or Whitten's Control Medium
Parental
strain

Treatment

No./
group

Expanded
blastocysts (%)

Hatching
blastocysts (%)

C57/J
x C57/J

A
B

42
42

38 (90)
33 (78)

24a (57)
11b (26)

42
42

3 9 a (93)
15b (36)

27a (64)
4b (10)

(control)

A
B

F i (SJL/JxC57)

x SJL/J

(control)

a,b Different superscripts in the same column within strain are different (P<.01)

Significantly more hatched blastocysts resulted from mouse embryos
cultured in the chick-embryo culture system both within strains of mice and
overall for treatments when compared with those from the control culture system
(P<.01) (Table 1).

There was not a significant difference in the number of

expanded blastocysts obtained using the C57/J embryos, with 90% (38/42) of
the chick embryo treatment (Treatment A) expanding and 78% (33/42) of the
Whitten's medium treatment (Treatment B) expanding . Among the Fi

(S jlu x C 5 7 )

x SJL/J embryos, however, there were significantly more expanded blastocysts
obtained using chick embryo co-culture, with 9 3%

(3 9 /4 2 ) expanding
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(Treatment A) compared with 36% (15/42) in the Whitten's control medium
reaching expanded blastocysts in culture (Treatment B).
In terms of hatching blastocysts, there were significantly more hatched
blastocysts obtained from both strains of embryos when cultured in the chick
embryo amnion (Treatment A), with 57% (24/42) and 64% (27/42) hatching
among

C 57

x

C57 and Fi

( s jl/J x c s 7 ) x

SJL/J embryos, respectively, when

com pared with 26% (11/42) and 10% (4/42) hatching among the control
embryos (Treatment B).

Discussion
These results indicate that factors present in the amniotic cavity of
developing chick embryos are capable of supporting the growth of early murine
embryos. Since the living chick embryo actively regulates the pH, osmolarity,
and O 2 content of its own environment, this may make it a more stable
physiological system for mammalian embryo development than existing in vitro
embryo culture systems.

In addition, the active synthesis of growth factors

associated with the chick embryo may provide a stimulus to growth and
developm ent not obtainable in conventional culture systems that require
supplementation with active serum or other growth factors. The growth factors
associated with the highly regulated mechanisms of early chick embryo
development may also prove to be more consistent in their growth promoting
effects than those found in processed mammalian serum. Sirard and Lambert
(1985) have shown that identically prepared batches of bovine serum from
different animals gave different results in their ability to promote cleavage of
four-cell bovine embryos.

Different batches of bovine serum albumin (BSA)

from the same supplier have also been shown to have different growth
promoting effects on mammalian embryos in vitro.

Kane (1983) has reported
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that rabbit morulae cultured to the blastocyst stage in medium supplemented
with 1.5% BSA from one batch had more than twice as many cells as morulae
cultured in the same medium supplemented with a different batch of BSA.
W ater purity has been shown to be critical for the maintenance of embryo
viability in vitro.

Whitting ham (1977) reported that three-times glass distilled

water was necessary for a high rate of blastocyst formation from two-cell murine
embryos. Abramczuk et al. (1977) showed a beneficial effect on the culture of
one-cell murine embryos when the chelating agent ethylenediaminetetraacetic
acid (EDTA) was added to the culture medium. These results suggest that even
trace impurities can greatly impede the normal development of mammalian
embryos in culture. Gianaroli et a l (1986) considered human amniotic fluid to
be an appropriate embryo culture medium since it is an ultrafiltrate produced in
contact with the developing human fetus. Likewise, chick-embryo amniotic fluid
may be an ultrafiltrate of the avian embryo. In this case, embryotoxic impurities
may be absorbed and filtered by the egg membranes and chick tissues prior to
reaching the amniotic fluid.
Shell-less chick embryo cultures in this study were maintained in the 2%
C O 2 atmosphere described by Dunn and Boone (1976).

More recent work

involving the in vitro culture of shell-less chick embryos in this laboratory
indicates that normal development is possible in lower C O 2 concentrations in
atmospheric air.

Rowlett and Simkiss (1987) have successfully "hatched"

chicks cultured in atmospheric air by replacing the plastic bowl with a surrogate
eggshell. The apparent ability of the in vitro chick embryo to grow in a warm,
moist atm osphere

that does

not require

careful

monitoring

of C O 2

concentrations may make chick embryo co-culture a viable option in situations
where C 0 2 incubators are not available.
In this experiment, embryos were not recovered from chicks that died
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during the co-culture interval.

In previous trials, it was noted that a rapid

degeneration of mammalian embryos occurred following chick embryo death.
The inherent mortality of developing chick embryos appears to be one
drawback in using this procedure. The hatchability of intact fertile chicken eggs
during incubation is reported to be 90% , with a peak in embryo mortality
occurring around day 3 of incubation (Guilbert, 1974).

Correspondingly,

Rowlett and Simkiss (1987) have previously reported a 27 % loss of chick
embryos between days 4 and 7 when 362 shell-less chick embryos were
maintained in incubation.
In the present study, chick embryo mortality was 14%. This death loss
may be due, in part, to those manipulations associated with shell-less chick
embryo culture. Although the exact cause of mammalian embryo death in the
present experiment is not known, the observed decline in mammalian embryo
viability following chick embryo death does suggest that there is a high rate of
transfer across the agarose cylinder containing the mammalian embryos. The
frequent amniotic contractions observed in the healthy chick embryo (Romanoff,
1952) may have promoted an even distribution of nutrients, growth factors, and
dissolved oxygen within the amniotic fluids surrounding the agarose cylinder.
Further experiments involving the culture and transfer of embryos from
larger mammals must therefore be conducted in order to determine the efficacy
of the chick embryo co-culture system.

If this unique chick-embryo culture

system was to prove at least as effective as in vivo culture in the ligated oviducts
of sheep, the relative ease of chick embryo co-culture would make it an
invaluable tool for both research and commercial application.

CHAPTER IV
CULTURING TW O - TO EIGHT-CELL CAPRINE EMBRYOS
USING DOM ESTIC CHICKEN EGG S

Introduction
Repeatable techniques for producing in vitro-fertilized bovine embryos
have made the early-stage bovine conceptus more accessible to researchers.
This increased accessibility has also increased the need for culture systems
capable of promoting the in vitro growth of early-stage bovine embryos.
Unfortunately, attempts at culturing early-stage mammalian embryos in a
completely defined in vitro environment have been successful only with specific
strains of mouse embryos (Whitten, 1968).

Supplementation of the culture

medium with biological fluids (usually serum) is most often required to obtain in
vitro development in the embryos of other mammalian species (see review by
Wright and Bondioli, 1981).
In most cases, optimal in vitro viability in long-term cultures of farm
animal embryos (>48 hours) requires the addition of other living cells to the
culture system (i.e. co-culture). The most frequently used co-culture systems
are monolayers of feeder cells (Cole and Paul, 1965), uterine fibroblasts (Kuzan
and Wright, 1982; Voelkel et al., 1985) or more recently fetal uterine fibroblasts
(W iem er et al., 1988a,1989a) and oviductal cell preparations (Gandolfi and
Moor, 1987; Rexroad and Powell, 1988; Prichard e t al., 1990).

Another

procedure involves the microsurgical sectioning of later-stage conceptus
trophectoderm to produce trophoblastic vesicles (Camous et al., 1984; Heyman
et al., 1987; Pool e ta l., 1988) for co-culture with earlier-stage embryos. In spite
of the uncharacterized nature of such culture systems, they represent the most
effective means of obtaining development of farm animal embryos in vitro.
The need for such culture systems has recently increased with the advent

60

61

of successful in vitro fertilization (IVF) procedures for bovine oocytes. The use
of oocytes obtained from slaughterhouse materials to produce pronuclear-stage
bovine embryos (Lu et al., 1987) has recently reached the level of commercial
application in Ireland. The lack of an effective in vitro culture system for these
early-stage IVF embryos is evidenced by the fact that they were not cultured in
vitro, but rather in vivo in the ligated oviducts of sheep.
A

procedure

has

been

developed

that

allow s

preim plantation

mammalian embryos to be introduced into the amniotic cavity of a developing
chick embryo and subsequently recovered after 72 to 96 hours of culture. The
amniotic cavity of the living chick embryo has been shown to be a suitable
environment for growth of pronuclear murine embryos through to the blastocyst
stage (Blakewood, et ah, 1988). Although the embryotropic properties of avian
amniotic fluids remain largely undefined, the current need for a practical in vitro
culture system may make shell-less chick embryo co-culture a viable alternative
to those presently in use.

Materials and Methods
Preparation of Shell-less Chick Embryo Cultures
Preparation of shell-less chick embryos was modified from the basic
procedures reported by Dunn (1974) and Dunn and Boone (1976). Fertilized
eggs of domestic White Leghorn hens were collected on the day of oviposition
and stored at 10° C until incubation.

Four days prior to mammalian embryo

collection the eggs were rinsed with a 70% ethanol solution and placed in a
Marsh Roll-X automatic incubator (Garden Grove, CA) at 3 7 .5 ° C that
automatically rotated the eggs 60° at 20-minute intervals.

After 72 hours of

incubation, the eggs were prepared for shell removal by rinsing with a 70%
ethanol solution which was allowed to dry before coating the eggs with a
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Betadine solution (Purdue Fredrick Com pany, Norwalk, C T). The Betadine
solution was allowed to dry with the eggs in a horizontal position to achieve
correct positioning of the chick embryo prior to shell removal. Eggs were then
individually moved to a laminar flow hood in order to maintain sterility while
removing the s h e ll.
The procedure and cumbersome shell removal apparatus used by Dunn
(1974) were eliminated by simply affixing the egg to two pieces of surgical tape
stretched across the jaws of a pair of 200 mm surgical retractors. By cracking
the area of shell between the pieces of tape against the rim of a sterile glass
beaker the egg contents were released by opening the retractors. Egg contents
were deposited into a 100 ml plastic embryo collection bowl (Veterinary
Concepts, Spring Valley, W l) that was covered with cellophane kitchen wrap
(Saran® , Dow Chemical, Midland, Ml). The excess plastic wrap was trimmed
away and the bowl containing the egg contents was placed in a second bowl
and loosely capped with a sterile plastic lid (Veterinary Concepts). This culture
system was maintained in a 37° C incubator with a 2% CO 2 atmosphere for an
additional 24 hours prior to introduction of the mammalian embryos.

Preparation of Fetal Monolayers
Monolayers of fetal bovine uterine fibroblasts were prepared as
previously described by W iem er et al. (1989b).

Immediately after adult

slaughter, the uterus of a 270-day-old bovine fetus was removed and
transported to the laboratory in cooled Hank's Balanced Salt solution
supplemented with 500 units penicillin and 500 pg streptomycin per ml (HBSS).
At the laboratory, the fetal uterus was placed under a laminar flow hood
and the lumen exposed via a longitudinal incision. Endometrial tissue samples
were aseptically dissected away from the myometrium and placed in a sterile
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petri dish with HBSS. Samples were washed with HBSS and sectioned into »2
mm cubes. Three to four of these cubes were then placed into each 25 cm2
plastic tissue culture flask containing Ham's F-10 medium (Gibco, Grand Island,
NY) with 10% Gibco heat treated fetal bovine serum and 1% Gibco antibioticantimycotic (containing 100 units of penicillin, 100 pg of streptomycin and .25 g
of amphotericin-B per ml of flushing medium) (HF-10).

During the period of

explant culture, the HF-10 medium was supplemented with an additional 4%
antibiotic-antimycotic (Ab-Am).
Flasks were incubated at 37° C in a humidified 5% C O 2 in air atmo
sphere for 9 days.

At 72-hour intervals during this period, 50% of the HF-10

medium was replaced in each flask. After 9 days of incubation, explants were
removed and fibroblasts which had attached to the plastic strata were allowed
to proliferate for an additional 5 to 7 days to establish confluent monolayers.
Monolayered flasks were then trypsinized (.025% ), and cells passed to new
flasks at a 1 :2 dilution ratio. Confluent monolayers which resulted after 4 to 7
days of incubation in each new flask were again trypsinized (.025% ) and
passed in this manner.

Following seven passages of the uterine fibroblast

cultures, all cells were frozen and stored in liquid nitrogen (-196° C) prior to use
in the embryo co-culture system.
Between 24 and 48 hours before caprine embryo collection, frozen fetal
uterine fibroblasts were thawed, and 1 x 10s viable cells were plated in each
well of a 24-well tissue culture plate (Gibco). The cells were maintained in HF10 at 37° C in a humidified atmosphere of 5% C 0 2 in air. Fifty percent of the
H F-10 medium was changed 1 to 2 hours prior to placing the experimental
embryos on the monolayer culture.
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Preparation of Trophoblastic Vesicles
Conceptus trophoblastic tissue was obtained by surgically flushing the
uterus of a superovulated caprine female 15 days after mating. The doe was
placed in dorsal recumbancy after administration of general anesthesia.
Anesthesia was achieved by administering intramuscularly .11 mg/kg of
xylazine (Rompun®: Miles Laboratories, Shawance, KS) followed 10 minutes
later by 5.5 mg/kg of ketamine hydrochloride (Ketaset®: Bristol Laboratories,
Syracuse, NY). The uterus was exteriorized via a mid-ventral incision and a 10gauge Foley catheter was passed through a small incision in the uterine body
and the cuff inflated near the uterine bifurcation.

An 18-gauge hypodermic

needle was used to make a small opening 1 cm from the utero-tubal junction.
Dulbecco's phosphate-buffered saline (PBS: Gibco, Grand Island, NY) with 2%
heat treated fetal bovine serum (FBS)

and 1% Ab-Am flushing medium was

passed through the uterus and recovered in a glass collection bowl.
Elongated embryos were washed and placed in PBS holding medium in
a 60 mm petri dish. A fragment of a double-edge razor blade held in the jaws of
a small pair of hemostats was used to cut the elongated embryos into 1 to 2
mm2 sections as previously described by Rorie et al. (1987a).

Sections were

cultured in Minimum Essential Medium (MEM) with 10% FBS and 1% Ab-Am for
48 hours to allow for vesicle formation.

Vesicles were then frozen (8 to 10

vesicles per .25 ml straw) in 1.5 M glycerol using a standard bovine embryo
freezing curve used in this laboratory (Rorie et al., 1987b) and then stored in
liquid nitrogen. Vesicles were thawed 24 to 48 hours prior to use in co-culture
and allowed to re-expand in HF-10 medium.

Only those vesicles that re

expanded were placed in 24-well plates (one vesicle/well) with H F-10 for co
culture.
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Experimental Animals
Embryos used in this study were obtained from 30 mixed-breed dairy
goats that were superovulated and collected during the fall breeding season
(October and November).

All does were in good body condition and had an

mean body weight of 38.9 kg (range = 24.9 to 59 kg). The wide range of body
weights was due to differing body sizes of the Nubian, Toggenberg, Saanen
and French Alpine genetics represented in these crossbred females. The does
were maintained on mixed pastures of native and bermudagrass during the day
and fed .22 kg/head/day each evening of a total mixed ration containing 12.5%
crude protein, 3.1% fat, 12.7% fiber and 5.1% ash.

Superovulation
Donor does were synchronized with a 6 mg norgestomet implant
( S y n c r o m a t e - B ® : CEVA

Laboratories,

O verland

Park,

KS)

placed

subcutaneously on the dorsal surface of the ear for 14 days as previously
described by Pendelton et at. (1986a).

Beginning 2 days prior to implant

removal, follicle stimulating hormone (FSH-P®: Schering, Omaha, NE) was
administered intramuscularly twice daily in descending doses (4, 3, 2 and 1 mg)
to stimulate follicular growth (total dose = 20 mg/doe).
Treated does were placed with a fertile male and observed for signs of
behavioral estrus twice daily beginning 12 hours after implant removal. Estrual
females were mated with two fertile males at 12-hour intervals until they were
no longer in standing estrus.
Following implant removal, 27 of 30 does (90% ) exhibited standing
estrus when placed with fertile bucks.

The mean (±SE) duration of standing

estrus was 38.9 ± 1.6 hours (range = 24.9 to 59 hours).

All does exhibiting

signs of behavioral estrus were mated by one or more fertile males.
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Embryo Collection
Embryos were surgically collected from donor animals 36 hours after
they would no longer stand to be mated (day 3 of the estrous cycle; onset of
estrus « day 0).
for 24 hours.

Prior to surgery, feed and water were withheld from each doe
Does were anesthetized by administering intramuscularly .11

mg/kg of xylazine (Rompun®: Miles Laboratories) followed 10 minutes later by
5.5 mg/kg of ketamine hydrochloride (Ketaset®: Bristol Laboratories). Females
were then placed in dorsal recumbancy and the reproductive tract exteriorized
via a mid-ventral incision just anterior to the mammary tissue. The number of
follicles and corpora lutea on each ovary were then counted and recorded.
A laboratory animal intubation needle was then inserted into the
fimbriated end of the oviduct and embryos were gently flushed through the
oviduct towards the utero-tubal junction by applying positive pressure to an
attached 20 ml syringe.

Embryos were then recovered from the lumen of the

distal end of the uterine horn where a small diam eter (3-5 mm) beveled-end
glass canula had been inserted to harvest embryos using a glass collection
bowl.
The flushing medium consisted of Dulbecco’s PBS (Gibco) with 2% FBS
and 1% Ab-Am. Following harvesting of the embryos, the glass collection bowls
were carefully searched at 20x magnification under a Zeiss stereomicroscope
(Thornwood, NY).

A total of 211 fertilized and unfertilized ova were

successfully collected from 21 of 27 mated does (77.7% ) resulting in a mean of
10 ova per donor.

Of the 211 fertilized and unfertilized ova collected, 162

(76.8% ) were at the two- to eight-cell developmental stage and were assessed
as being of good quality based on caprine embryo morphology and quality
grade scores (1 = excellent, 2 = good, 3 - fair and 4 = poor) as previously
outlined by Pendleton e ta l. (1986b). The harvested embryos were then placed
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into a modified PBS holding medium with 10% FBS as described by Pool et at.
(1988) and held at 37° C until allotment to treatments.

Experimental Design
Experiment I
Embryos (quality grades 1 = excellent and 2 = good) from donors were
randomly assigned to four treatments in the first experiment using caprine
embryos (EXP-I) (n = 80). In EXP-i, embryos allotted to Treatment A (control)
were cultured in HF-10, embryos in Treatment B were placed on a bovine fetal
uterine fibroblast monolayer in H F-10 and embryos in Treatm ent C were
agarose embedded and injected into the amniotic cavity of a day-4 chick
embryo. Embryos allotted to Treatment D were co-cultured with frozen-thawed
caprine trophoblastic vesicles in HF-10 (Figure 4).

Experiment II
Embryos (quality grades 1 = excellent and 2 * good) from donors were
randomly assigned to three treatments in the second experiment (EXP-II) (n =
66). In EXP-II, embryos allotted to Treatment A (control) were cultured in HF-10,
embryos in Treatm ent B were placed on a bovine fetal uterine fibroblast
monolayer in HF-10 and embryos in Treatment C were agarose embedded and
injected into the amniotic cavity of a day-4 chick embryo (Figure 5). Co-culture
with caprine trophoblastic vesicles was not included in EXP-II.

Experimental Procedure
EXP-I and II differed in that chick embryo co-culture was maintained for
72 hours in EXP-I, but was extended to 96 hours in EXP-II. Also, the monolayer
co-culture was limited to 96 hours in E XP -II; whereas, embryos in EXP-I
remained on the monolayer for the duration of the experiment. Control,
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Figure 4. Co-Culture of Caprine Embryos for
72 Hours in the Chick Embryo Amniotic Cavity
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Figure 5. Co-Culture of Caprine Embryos for
96 Hours in the Chick Embryo Amniotic Cavity
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monolayer and trophoblastic vesicle cultures were maintained in 24-well tissue
culture plates incubated at 37° C in a humidified atmosphere of 5% C O 2 in air
and chick embryo co-cultures were incubated (37° C) in a 2% C O 2 atmosphere.
After removal from the monolayer (EXP-II 96 hours) or the chick amnion (EXP-I
72 hours, EXP-II 96 hours), the embryos were placed in H F-10 for further
incubation at 37° C in a 5% C O 2 atmosphere in air. During this culture interval,
the rate of expanded and hatched blastocyst formation was evaluated at 12hour intervals for an additional 72 hours.

If embryos in Treatment C were lost

during co-culture (due to chick embryo mortality) or during the embryo recovery
process, like quality two- to eight-cell embryos were replaced in the chick
amnion culture system from embryo collections of subsequent donor does in
order to maintain an equal number of embryos across treatment groups. Eleven
embryos were replaced in this fashion during E X P -I, however, only four
embryos had to be replaced in EXP -II.

This decrease in embryo loss was

attributed to improved injection and recovery techniques as the experiments
progressed.

Agarose Embedding
Two to four embryos were placed in a liquid solution of low-melting
agarose (1.5% agarose in Dulbecco's PBS with 1% Ab-Am) at 37° C.

The

embryos in the agarose solution were then aspirated into a beveled injection
pipette and the agarose within the pipette was allowed to gel at room
temperature, thereby embedding the embryos. The beveled tip of this pipette
was then used to penetrate the amniotic membrane of the shell-less 96-hour
chick embryo, and the agarose cylinder containing the em bedded caprine
embryos was expelled into the chick amniotic cavity.

The chick embryo co

culture system was placed in an incubator at 37° C with 2% C O 2 in an
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atmosphere of humidified air.
After 72 or 96 hours of co-culture (Treatment C), the amniotic cavity
containing both mammalian and chick embryos was dissected away from the
remainder of the egg contents within the shell-less system and placed in
Dulbecco's PBS with 1% FBS and 1% Ab-Am.

By renting the amnion with a

pair of 22-gauge hypodermic needles, the agarose cylinder containing the
caprine embryos was allowed to escape into the surrounding PBS medium.
While still in the PBS medium, the caprine embryos were carefully dissected
from the agarose cylinder using the same pair of 22-gauge hypodermic needles
under a Zeiss stereomicroscope (20X).

Embryo Transfer
Embryos from the first two experiments were not transferred due to the
lack of available recipient does. Donor collections w ere subsequently
performed in a similar manner from three contemporary does to obtain embryos
for transfer following chick embryo co-culture. Fourteen four-cell embryos were
agarose embedded and similarly incubated in the chick embryo amnion. After
72 hours of co-culture, 12 good quality morulae (quality grades 1 and 2) were
recovered from chick embryo co-culture. Two to four morulae were surgically
transferred to the uterine horn ipsilateral to the corpus luteum of each of four
synchronized (± 24 hours) recipient does.

Statistical Analysis
Chi-square analysis using a contingency table and continuity correction
(Pearson and Hartley, 1954) was used to compare the number of two- to eight
cell goat embryos reaching the expanded blastocyst stage and the number
hatching when cultured in vitro using treatment and control culture methods.
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Results
Experiment I
In E X P -I, none of the oviductal-stage goat embryos developed into
blastocysts when cultured in the control medium alone. Co-culture with caprine
trophoblastic vesicles also failed to produce blastocysts.

However, in EXP-I

both chick embryo and monolayer co-culture treatments resulted in significantly
more blastocysts than did the control or trophoblastic vesicle treatments (Table
1). Development of early-stage goat embryos to the expanded blastocyst stage
at rates of 70% and 50% were obtained using chick embryo and monolayer co
culture, respectively.
Table 3. In Vitro Development of Early-Stage Caprine Embryos in Four Culture
Systems (Experiment I)

Treatment

Expanded
blastocyst (%)

No./group

Hatched
blastocyst (%)

A (control)

20

B (monolayer)

20

10b (50)

9b (45)

C (chick embryo)

20

14b (70)

11b (55)

D (trophoblastic vesicles)

20

03

0a

(0)

(0)

0a

0a

(0)

(0)

a'b Different superscripts in the same column are significantly different (P<.01)

Experiment II
In EXP-II, culture of two- to eight-cell caprine embryos in control medium
again failed to produce blastocysts.

When the duration of chick embryo co

culture was increased to 96 hours (EXP-II), an even greater percentage of the
caprine embryos reached the expanded and hatched blastocyst stage than in
EXP-I.

Development to the expanded blastocyst stage in chick embryo co

culture reached 86% in this experiment.

73

Table 4. In Vitro Development of Early-Stage Caprine Embryos in Three Culture
Systems (Experiment II)
Hatched
blastocyst (%)

No./group

Expanded
blastocyst (%)

A (control)

22

0® (0)

0®

(0)

B (monolayer)

22

0® (0)

0®

(0)

C (chick embryo)

22

19b (86)

Treatment

18b (82)

a-b Different superscripts in the same column are significantly different (P<0.01)

Rates of development to the expanded and hatched blastocyst stages in
this experiment were significantly greater when embryos were co-cultured with
chick embryos compared with co-cutture on monolayers for 96 hours and then
placement in medium alone (Table 2).

In fact, when embryos were removed

from monolayer co-culture after 96 hours (EXP-II) none reached the expanded
or hatched blastocyst stage.

Embryo Transfer
Of the four does which received surgically transplanted morulae, two
maintained pregnancies to term, and a total of six live transplant offspring (50%
of all embryos transferred) were born. All transplant kids appeared normal and
healthy at birth and at 75 days of age were similar in body weights to naturalborn kids in the station breeding herd, giving evidence that mammalian
embryos can develop and remain viable following chick embryo co-culture.

D iscussion
O ver the years, there have been relatively few attempts at culturing
domestic goat embryos in vitro.

The failure of any embryos in the present

experiment to form blastocysts in control medium alone is consistent with the
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unpublished results mentioned by Wright and Bondioli in their 1981 review
article, in which none of 89 one- to eight-cell caprine embryos developed
beyond the morula stage when cultured in Ham's F-10 with 10% FBS in a 5%
C 0 2 atmosphere.

Rabbit oviducts have been used to successfully store goat

embryos in vivo for short periods prior to transfer (Agrawal et al., 1983).

It

appears that goat embryos can develop in medium alone under more defined
conditions.

McLaughlin et al. (1989) have recently obtained blastocysts when

one- to four-cell caprine embryos were cultured in vitro using a modified
synthetic oviduct fluid medium supplemented with either human or fetal calf
serum.
The embryos of the domestic sheep have been used more frequently
than goat embryos in attempts to develop in vitro embryo culture systems.
Rexroad and Powell (1988) have reported that co-culture of one- to eight-cell
sheep embryos with oviductal cells resulted in higher rates of cleavage than
with medium alone, and concluded that Ham's F-10 culture medium was
inadequate for the development of early-stage ovine embryos.

In addition,

Rexroad and Powell noted that trophoblastic vesicles produced from day-14
ovine embryos were not beneficial for early-stage ovine embryos when placed
in co-culture. The frozen-thawed caprine trophoblastic vesicles used in EXP-I of
the present study were produced from day-15 embryos, and were apparently
unable to stimulate blastocyst development in early-stage caprine embryos. It
has been proposed by Y. M enezo (personnel communication) that the
embryotropic effects of bovine trophoblastic vesicles occur only when vesicles
are produced from trophoblastic tissues originating from embryos ranging
between 12 and 14 days of age.

The stage of conceptus development may

account for the lack of success with the caprine trophoblastic-vesicle co-culture
in our experiment.
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The bovine fetal uterine fibroblast (BFU F) cultures used in the
present experiment have been successfully used to co-culture bovine morulae
to the hatching blastocyst stage in this laboratory (W iem er et at., 1 9 8 7 ,1989a).
In addition, co-culture on BFUF cells has proven beneficial to both equine
embryos (W iem er et al., 1988b) and one-cell human zygotes (Wiemer et al.,
1989b) cultured in vitro, with pregnancies obtained in both species.
Numbers of expanded and hatched blastocysts which developed in vitro
following the removal of embryos from the chick embryo amnion were used for
comparing culture treatments in the present studies. Development to earlier
stages could not be assessed due to the fact that the caprine embryos placed in
the chick embryo amnion were not visible during chick embryo co-culture. The
co-culture of early-stage caprine embryos on monolayers of BFUF cells in HF10 did allow for successful developm ent to the expanded and hatched
blastocyst stages, however, the rate of development was somewhat behind
those reported for caprine embryos developing in vivo (Amoroso et al., 1942).
Embryos which had been cultured in the chick embryo amnion in this study
generally reached the expanded blastocyst stage 24 hours earlier than those
co-cultured on a BFUF monolayer; thus approaching a more normal rate of
embryonic development.
Perhaps the most surprising finding was that embryos co-cultured on
monolayers for 96 hours in EXP-II were not capable of continued development
when removed from the monolayer for culture in H F-10 medium alone. This is
in contrast to the continued rate of development noted when embryos were
cultured in HF-10 medium following either 72 or 96 hours of culture in the chick
embryo amnion. Although blastocyst development occurred on the monolayer
co-cultures in E X P -I, the dramatic loss of in vitro viability observed when
embryos were removed from monolayers in EXP-II suggests less than optimal
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developm ent using this particular co-culture procedure.

Although more

beneficial than culture in medium alone, the BFUF cells may not be the best
choice for co-culture of oviductal-stage embryos.

Gandolfi and Moor (1987)

obtained 42% expanded blastocysts when pronuclear ovine embryos were
cultured for 6 days on oviductal cells, but only 4 .5 % resulted in expanded
blastocysts when these early-stage embryos were cultured on fibroblast
monolayers.
Given the poor development rates noted in the HF-10 control and in HF10 culture following monolayer co-culture (EXP-II), the high rates of blastocyst
formation obtained in HF-10 following culture in the chick embryo amnion are
promising. The ability of the chick embryo co-culture system to stimulate the
development of early-stage mammalian embryos warrants investigation into
potential benefits for bovine in vitro fertilization (IVF). Recent live births resulting
from the immediate transfer of caprine embryos cultured in the chick embryo
amnion for 72 hours at this station are also encouraging.
The use of agarose embedding to facilitate the recovery of mammalian
embryos following their incubation in the chick embryo amnion was carried over
from previous experiments using murine embryos in this laboratory (Blakewood
e ta /., 1988).

In a pilot study using unfertilized bovine oocytes, high recovery

rates were obtained without the use of agarose embedding, presumably due to
the larger size of the bovine ova compared with that of the mouse ova. Injecting
unembedded embryos would make this technique more amenable to culture of
embryos obtained from IVF, due to the lengthy culture time needed to produce
morulae and blastocysts. Although it is theoretically possible to maintain chick
embryo co-culture for up to 6 days, the increased size of the chick embryo and
the amniotic cavity may actually decrease mammalian embryo recovery rates.
Therefore, sequential culture periods in two different chick embryo amnions
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may be necessary for long-term culture of early-stage farm animal embryos.
Sequential culture of farm animal embryos in the amniotic cavities of two
different chick embryos has proven successful in our laboratory. The transfer of
bovine embryos recovered from one chick amnion to a second chick amnion
would be simplified if embryo extraction from agarose and re-embedding in
agarose cylinders could be omitted.
There is currently no definitive culture technique for use with bovine
embryos produced by IVF. In a recent review of successful production of bovine
zygotes by IVF {Leibfried-Rutledge e t a i, 1989), a number of in vivo and in vitro
culture techniques were reviewed. These include in situ culture in the oviducts
of sheep, cows and rabbits, as well as in vitro culture with bovine oviductal or
cumulus cells.

The chick embryo amnion should be compared with these

culture systems, particularly the more practical in vitro culture methods. If chick
embryo co-culture proves to be superior to existing in vitro co-culture systems, it
would represent a practical alternative to intermediate culturing of early-stage
embryos in the oviducts of a host female.

CHAPTER V
CULTURE O F EARLY STAGE BOVINE MORULAE USING CHICK
EMBRYO AND MONOLAYER C O -C ULTUR E SYSTEM S

Introduction
With increasingly successful reports of bovine in vitro fertilization (IVF)
procedures in the literature, the development of methodologies for in vitro
culturing early-stage bovine embryos have become important for practical
application of these procedures.

The in vitro development of bovine morulae

has been improved by co-culture on monolayers of either bovine uterine
fibroblasts or testicular fibroblasts when compared with culture in conditioned or
fresh medium (Kuzan and Wright, 1982).
O th er workers

have dem onstrated that the

in vitro viability of

micromanipulated bovine embryos could be enhanced by co-culture on uterine
fibroblasts (Voelkel et al., 1985).

Fetal bovine uterine fibroblast (FBUF)

monolayers have also given successful co-culture results with embryos from
several mammalian species (Wiemer et a/.,1988) including humans (Wiemer et
al., 1989a,b). This system has also proven beneficial for the in vitro culture of
early-stage bovine morulae (Wiemer et al., 1990).
Chick embryo co-culture has also been shown to promote development
in early stage embryos from several mammalian species, including mice
(Blakewood et al., 1988) and goats (Blakewood et al., 1989a). The purpose of
the first experiment in this series was to compare the chick embryo system with
FBUF monolayers to determine if chick embryo co-culture would have beneficial
effects for the culture of early-stage bovine embryos.
The increased success in producing bovine embryos by IVF will also
increase the need to freeze embryos that have developed with in vitro systems.
in vitro culture prior to freezing in liquid nitrogen (LN 2 ) has been reported to
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decrease the viability of embryos after thawing (Massip et al., 1984). These
workers reported an additive effect on fetal wastage when mouse embryos were
cultured in vitro prior to freezing. Techakumpu e ta l. (1986) have confirmed the
additive detrimental effects of freezing procedures following the in vitro culture
of early-stage rabbit embryos.

In this study, 65% of the rabbit embryos

transferred to a recipient female immediately following collection developed into
viable fetuses.

This compared with 48% viable fetuses developing in utero

following transfer of embryos that had been cultured in vitro prior to transfer, and
and 43% viable fetuses when embryos were frozen prior to transfer.

When

embryos were both in vitro cultured and then frozen prior to transfer, only 19%
developed into viable fetuses in the recipient females.
Chesne et al., (1987) attempted to use a period of in vitro culture to
enhance the viability of bisected bovine embryos prior to freezing. Pregnancy
rates were higher when bisected embryos were cultured in vitro for 4 to 6 hours
prior to freezing (71% ) compared with pregnancy rates obtained from embryos
that were frozen immediately following splitting procedures (13% ).

However,

when the period of pre-freeze in vitro culture was increased to 20 to 24 hours,
pregnancy rates dropped to 25%.

These results indicate that the culture of

bovine embryos prior to freezing also results in an additive effect on fetal
wastage.
It has been suggested that a decrease in the post-thaw viability of in vitro
cultured embryos may be due to the spontaneous peroxidation of lipids that can
occur in an in vitro environment (Techakumpu et al.,1986). Such peroxidation
has been measured in mammalian sperm cells after in vitro incubation (Alvarez
and Storey, 1985).

Techakumpu e ta l. (1986) have proposed that the low

concentrations of lipids found in in vitro systems may contribute to the peroxida
tion of membrane lipids, which may modify their affinity for cryoprotectants, or
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cause other biomechanical constraints to freezing.
The second experiment using bovine embryos was carried out to
determine if the co-culture environment of the chick embryo amnion would
enhance freeze-thaw viability of bovine embryos that had developed in co
culture prior to freezing. The in vivo nature of the intact chick embryo amnion
may provide a more suitable lipid environment than in vitro culture systems,
such as monolayer co-culture.

The second experiment in this series was

conducted to determine if early stage bovine embryos co-cultured in the chick
embryo amnion could survive the freeze-thaw process at higher rates when
compared to other in vitro culture systems.

M aterials and Methods
Collection of Bovine Embryos
Crossbred beef donor cows between days 9 and 14 of their estrous cycle
(estrus = day 0) were superovulated using descending doses of 5,4,3 and 3 mg
of FSH-P® (Schering) injected intramuscularly (IM ) twice daily.

A single IM

injection of 25 mg of prostaglandin Faa was given to all donor cows 48 hours
before the last FSH injection to promote luteolysis and return to estrus. Donors
were penmated with one or two fertile bulls at standing estrus and again 12
hours later, if still exhibiting estrus. If donor cows would not stand to be mated a
second time, they were inseminated with one unit of frozen-thawed dairy bull
semen.
Precom paction-stage

m orulae (8- to 16-cell) w ere

nonsurgically

recovered on day 5 to 5.5 post-estrus (estrus s day 0) using Dulbecco's
phosphate-buffered saline with 1% fetal calf serum (FC S) and 1% Gibco
antibiotic-antimycotic (Ab-Am) as a collection medium.

Late morula and

blastocyst stage embryos used in Experiment II were collected on day 7
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following estrus using the same collection medium.

All viable appearing

embryos w ere washed in PBS holding medium (P B S flushing medium
supplemented with 4 g BSA, 1 g glucose and .036 g N a pyruvate/liter) and held
in this medium at 20° C until allotment to culture treatments.

Shell-less Chick Embryo Culture
Preparation of shell-less chick embryos were as previously reported
(Blakewood and Godke, 1989; Blakewood et al., 1989).

The procedure for

maintaining the avian embryo in shell-less incubation was modified from the
basic procedures reported by Dunn (1974) and Dunn and Boone (1976). After
the 72-hour incubation of fertile chicken eggs (37° C turning the eggs at 1-hour
intervals) the egg contents were removed from the shell and returned to
incubation in an in vitro system. This culture system was maintained in a 37° C
incubator with a 2% C O 2 atmosphere for an additional 24 hours prior to
introduction of the bovine embryos.
Bovine embryos were agarose-embedded in 250 pm x 6 mm cylinders of
low melting agarose (Bethesda Research Laboratories) prior to injection in both
of these experiments. Embryo recovery from the chick embryo amnion following
co-culture was as previously described.

Preparation of Monolayers for Co-culture
Monolayers of fetal bovine uterine fibroblasts used in EXP I were
prepared as previously described by W iem er e ta l. (1989).

Immediately after

slaughter, the uterus of a 270-day-old bovine fetus placed on ice and brought to
the laboratory.

Small samples of endometrial tissue (« 2mm) were dissected

away from the myometrium and placed in a 25 cm2 plastic tissue culture flasks
containing Ham's F-10 medium (Gibco, Grand Island, NY) with 10% Gibco heat-

82

treated fetal bovine serum and 1% Gibco antibiotic-antimycotic (containing 100
units of penicillin, 100 ng of streptomycin and .25 g of amphotericin-B per ml of
flushing medium) (HF-10). Flasks were incubated at 37° C in a humidified 5%
C 0 2 in air atmosphere for 14 days to establish confluent monolayers.
Flasks with confluent monolayers were then trypsinized (.025% ) and
cells were passed to new flasks at a 1 :2 dilution ratio.

Confluent monolayers

which resulted after 4 to 7 days of incubation in each new flask were again
trypsinized (.025% ) and passed in this manner.

Following seven passages of

the uterine fibroblast cultures, all cells were frozen and stored in liquid nitrogen
(-196°C) prior to use in the embryo co-culture system (Wiemer e t a l, 1989a).
Frozen fetal uterine fibroblasts were thawed and returned to culture in 25
cm 2

tissue culture flasks containing Ham's F-10 7 to 14 days prior to the

beginning of this experiment. Re-established monolayers in these flasks were
trypsinized (.025%) 24 to 48 hours prior to bovine embryo collection and 1 x 105
viable cells were plated in each well of a 24-well tissue culture plate (Gibco).
The cells were maintained in HF-10 at 37° C in a humidified atmosphere of 5%
C 0 2 in air. Fifty percent of the HF-10 medium was changed 1 to 2 hours prior to
placing the experimental embryos on the monolayer culture.
The monolayers of caprine uterine epithelial cells used in EXP II were
prepared by trypsinizing the luminal surface of uteri removed from mature,
cycling goat females. Following general anesthesia does were placed in dorsal
recumbancy (Pendleton e t a l, 1986) and the uterus was excised through a midventral incision .

The uterus from each female was washed 3x in Hank's

balanced salt solution containing 5x Ab-Am. The uterine lumen was then rinsed
with .05% trypsin (Trypsin-EDTA; Sigma Co.) in PBS. After rinsing, the distal
ends of the uterine horns were clamped using two pairs of hemostats and the
uterus was inflated with the trypsin-PBS solution.

The inflated uterus was
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incubated for 10 minutes at 37° C, then the uterine horns were drained into a 15
ml conical plastic centrifuge tube (Prichard et at., 1990).
Tissue fragments were resuspended in PBS containing Ab-Am and
centrifuged at 100 x g for 10 minutes. Red blood cells in the pellet were lysed
by resuspending the pellet in 10 ml of sterile deionized water followed 10
seconds later by 10 ml of 1.8% saline. Cells were then washed twice in Ham's
F-12 medium (Gibco, Grand Island, NY) with 10% heat-treated fetal bovine
serum and 1% Gibco antibiotic-anti mycotic (containing 100 units of penicillin,
100 tig of streptomycin and .25 g of amphotericin-B per ml of medium) (HF-12)
and plated in 25 cm2 plastic tissue culture flasks with HF-12. Cell populations
were subpassed five times prior to use for embryo co-culture.

Embryo Freezing and Thawing
In preparation for freezing, embryos were placed in a 10% solution of
glycerol in PBS supplemented with 4 g/liter bovine serum albumin and allowed
to equilibrate for 10 minutes.

Embryos were then drawn into

.25 ml semen

straws, with one to four embryos occupying the middle column of three columns
of medium drawn in the straw. When the first column of medium reached the
cotton plug at the end of the straw, the opposite end was sealed using a heat
sealer.
Straws were placed in the methanol bath of a cell freezing machine (FTS
BioCool II™) and cooled at a rate of -1.0° C/minute to -7.0° C. At -7.0° C, straws
were seeded, then cooled at a rate of -.3° C/minute to a temperature of -33° C.
After reaching this temperature, straws were plunged in LN 2 at -1 9 6°C for
storage.

Frozen embryos were thawed by removing the straws from LN 2 and

allowing the cryoprotective medium to thaw in air at 20° C.

After compiete

thawing, the straw contents were released into a sterile 35 mm petri dish and
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the embryos recovered under a stereomicroscope (20x).
The cryoprotectant was removed from the embryos using a three step
dilution procedure. The embryos were removed from the freezing solution and
passed through decreasing concentrations of glycerol in PBS medium
supplemented with 10.3% sucrose. Embryos were allowed to equilibrate for 5
minutes in each solution, with the concentration of glycerol sequentially
decreasing from 6% to 3% to 0%. Embryos were then washed in PBS holding
medium and returned to in vitro culture for evaluation of post-thaw viability.

Experimental Design
Experiment I
Early stage embryos (day 5 to 5.5) from individual donor cows (n=25)
were randomly assigned across three treatment groups in two experiments . In
Experiment I, embryos allotted to Treatment A were cultured in Ham's F-10
(Gibco) with 10% FCS and 1% AbAm (HF-10); those assigned to Treatment B
were placed on a bovine fetal uterine fibroblast monolayer in H F-10 and
embryos in Treatm ent C were agarose-em bedded and injected into the
amniotic cavity of a day-4 chick embryo (Figure 7).

Embryos in Treatments A

and B were incubated at 37° C in a humidified atmosphere of 5% CO 2 in air.
Chick-embryos containing embedded embryos (Treatment C) were incubated at
37 ° C in a 2% C O 2

atmosphere.

After 72 hours of culture, embryos in

Treatment C were recovered from the chick amnion and placed in Ham’s F-10
and incubated at 37° C in an atmosphere of 5% C O 2 in air. All embryos were
evaluated (100x) at 12-hour intervals during the final 72-hour culture period.

Experiment II
In Experiment II, early-stage embryos within donors were equally and
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Figure 6.
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randomly assigned to three treatment Treatment groups. Embryos in Treatment
A were cultured in HF-12 medium, those assigned to Treatment B were placed
on a caprine uterine epithelial cell monolayer in HF-12, and those in Treatment
C were agarose-embedded and injected into the amniotic cavity of a day-4
chick embryo (Figure 7). All embryos were maintained for 48 hours in culture,
then embryos in Treatment C were recovered from the chick embryo amnion
and the bovine embryos from all three culture treatments were frozen and
stored in LN2 at -196° C (Rorie e ta l., 1987b).

Experimental Procedure
In order to more completely assess the effects of in vitro culture on post
thaw embryo viability, the donor cows used in the second experiment were
subjected to a second superovulatory schedule two or three estrous cycles after
the first stimulation.

Non-surgical embryo collection procedures were

performed on day 7, 2 days later than the initial embryo collection. This was
done to obtain embryos that had developed entirely in vivo to equivalent stages
of day-5 embryos frozen following 48 hours of in vitro culture.

These donor

cows were mated with the bulls used at the first mating to obtain embryos with a
minimum of genetic difference.

These late morula and blastocyst stage

embryos were frozen within 1 to 2 hours following collection procedures.
After £7 days of storage in LN2 all frozen embryos were thawed in air at
20 ° C.

Thawed embryos were then cultured in H F-12 in a humidified

atmosphere of 5% C 0 2 in air at 37° C. Post-thaw cultures were maintained for
72 hours to evaluate the post-thaw culture viability of embryos frozen with or
without previous culture. Evaluation of post-thaw cultures was performed at 12
hour intervals to determine the number of embryos developing blastoceol
cavities following freezing and thawing.
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In Experiment I, bovine embryos with embryo quality grades 1,2, and 3
were placed randomly and equally across culture treatment groups (Treatments
A and B).

In Experiment II only those embryos which would normally be

considered prime candidates for freezing procedures (embryo quality grades of
1 and 2) were placed in culture treatment groups (Treatments A, B and C).
Similarly, when late morulae and blastocysts were collected from designated
donors on day 7, only embryos with quality grades 1 and 2 were subjected to
freezing.

Statistical Analysis
A Chi-square analysis using a contingency table with continuity
correction (Pearson and Hartley, 1954) was used to compare the number of
embryos developing to the expanded and hatching blastocyst stages across
treatment groups in Experiment I, and to compare the number of post-thaw
embryos that had blastocyst morphology among treatment groups in Experiment
II.

Results
Experiment I
W hen 24 early-stage bovine morulae were placed in each culture
treatment, significantly more expanded blastocysts were noted following co
culture in the chick embryo amnion than when embryos were co-cultured on
FB U F monolayers or cultured in medium alone (Table 5).

The percent

developing to the expanded blastocyst stage was 80% for precompaction-stage
morulae injected into the chick embryo amnion compared with 50% expanded
blastocyst for embryos co-cultured on m onolayers and 33 % expanded
blastocyst for embryos cultured in medium alone.
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Table 5. Co-Culture of Precompaction-Stage Bovine Morulae in the Chick
Embryo or Monolayer Co-Culture Systems

Treatment

No./group

Expanded
blastocyst (%)

Hatching
blastocyst (%)

A (control)

24

8a(33)

2a (8)

B (monolayer)

24

12a (50)

7a,b (29)

C (chick embryo)

24

21b (88)

10b (42)

a-b Different superscripts in the same column are significantly different (P<.05)

No difference was detected in the numbers of hatching blastocyst that
resulted from the culture of precompaction-stage morulae in either the chick
embryo or the monolayer culture system. When embryos were cultured in the
chick embryo and monolayer culture systems 42% and 29% reached the
hatching-blastocyst stage, respectively.

Culture in medium alone resulted in

significantly less development to the hatching-blastocyst stage when compared
with chick embryo co-culture. Only 8% of the embryo cultured in medium alone
developed to this later embryo stage.

Experiment II
When 27 bovine morulae were cultured on each of three treatments prior
to freezing, those embryos that developed in a co-culture system acquired
blastocyst morphology at significantly higher rates following thawing and in vitro
culture when compared with embryos that were cultured in medium alone prior
to freezing.

There was no difference in the number of blastocyst following

thawing when embryos were pre-frozen and co-cultured in either monolayer or
chick embryo systems, with 48% blastocyst developing in each treatment.
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Table 6. Co-Culture of Bovine Morulae in the Chick Embryo or Monolayer CoCuiture Systems Prior to Freezing in LN 2
No. with blastocyst morphology(%)
No./group

Pre-freeze

A (control)

27

18b (67)

5b (19)

B (monolayer)

27

20b (74)

13c (48)

C (chick embryo)

27

19b (70)

13c (48)

D (in vivo)

27a

NA

20c (77)

Treatment

Post-thaw

a One embryo lost during thawing procedures
b'c Values in the same column with different superscripts are significantly different (P<.05)

Although embryos cultured in medium alone developed to the blastocyst
stage at similar rates to co-cultured embryos during the pre-freeze culture
interval, only 19% blastocyst morphology was observed when these embryos
were thawed and returned to culture following freezing. The highest number of
blastocysts developing in vitro following freezing and thawing resulted from the
embryos collected on day 7 after mating and frozen without prior culture. These
embryos acquired blastocyst morphology at a rate of 77%.

Discussion
In light of recent progress in producing bovine zygotes using IVF
techniques (Leibfried-Rutledge et a t, 1989), co-culture systems capable of
supporting the in vitro development of early stage bovine embryos are
becoming essential laboratory techniques.

Culture of IVF-derived embryos in

the ligated oviducts of ewes or rabbits (Lu et al., 1987; Ectors et a t, 1989) is
currently an effective, albeit impractical embryo culture approach.

The

development of early bovine morulae to the expanded and hatched blastocyst
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stage using the chick embryo in this study suggests the potential application of
this novel embryo co-culture technique.
Due to the lengthy culture periods (« 7 days) necessary for the
development of blastocyst from IVF-derived zygotes, complete development in
the chick embryo amnion may not be feasible using the techniques employed in
the present experiment.

The amniotic cavity of the developing chick embryo

appears to be useful for embryo co-culture only during the interval from day 4 to
day 9 of development.

Additionally, the embryotropic characteristics of the

amniotic cavity beyond 8 days of development have not been verified. The use
of this technique with IVF-derived embryos may require chick embryo co-culture
for only a portion of the total culture interval or sequential co-culture in two or
more chick embryos.
Although in vitro culture on cell monolayers in Experiment I resulted in
fewer expanded blastocyst than when embryos were co-cultured in the chick
embryo amnion, the monolayers used in the first experiment consisted of
fibroblast cells.

Recent studies indicate that embryo co-culture with cells of

epithelial origin result in improved embryonic development when compared
with co-culture with fibroblast cells (Gandolfi and Moor, 1987; White et al.,
1989). When epithelial cells were used in Experiment II, post-thaw blastocyst
development in embryos co-cultured with epithelial cells was equal to post-thaw
blastocyst development in embryos co-cultured in the chick embryo amnion.
Although post thaw development in embryos co-cultured prior to freezing
was not equal to that of embryos which were not cultured prior to freezing, cocultured embryos did develop into blastocyst at higher rates than when embryos
were cultured in medium alone prior to freezing. These results suggest that the
use of a co-culture system for the short-term storage of bovine embryos may be
advantageous if there is a possibility of freezing any of the embryos.
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The results of Experiment II indicate that in vitro culture may have a
detrimental effect on the ability of bovine embryos to survive the freezing
procedures used routinely on in vivo developed embryos of the same stage.
This additive effect of pre-freeze culture is in agreement with results reported for
mouse embryos (Massip e ta l., 1984) and those of rabbit embryos (Techakumpu
et a i, 1986) that were cultured for 48 hours prior to freezing. Although there
was an apparent increase in post-thaw development when embryos were
maintained on either of the co-culture systems prior to freezing, the use of the
chick embryo amnion as a culture vessel did not enhance post-thaw embryo
over the use of monolayer co-culture.
The bovine embryos co-cultured in the chick embryo system were
agarose-embedded in the present experiment.

In previous experiments, the

use of agarose appeared to allow for the free diffusion of amniotic fluids to the
embedded embryos.

However, the ability of lipids to permeate the agarose

matrix has not been determined. If in vitro culture affects the lipid components
of the embryo as has been suggested by Techakumpu e ta l. (1986), the use of
agarose embedding may have negated any positive effects of the chick
amniotic environment.

Future experiments using chick embryo co-culture on

bovine embryos prior to freezing may prove more successful if the bovine
embryos are injected without the use of agarose.

CHAPTER VI
CULTURE OF IN V/7RO-FERTILIZED BOVINE EMBRYOS IN THE
CHICK EMBRYO AMNION

In trod uctio n
Successful production of a live transplant calf by in vitro fertilization (IVF)
procedures did not occur until 1981 (Brackett e ta l.., 1982).

In more recent

years, in vitro fertilization has become a realistic method for the laboratory
production of bovine zygotes. Although abattoir ovaries are currently the most
available source of bovine oocytes for use in the research laboratory, the
practical application of IVF using this approach has a major drawback. Abattoir
ovaries generally do not provide genetically superior gam etes for fertilization.
Therefore, bovine IVF procedures have not been accepted for use by the
seedstock industry.
New approaches for obtaining oocytes from high genetic quality cattle
are presently being developed (Kruip et al., 1990; Ryan et al., 1990).

Using

sonographic-guided transvaginal collection procedures, Kruip et al. (1990) has
recently demonstrated that oocytes can be successfully collected from the
ovaries (4 to 8 mm follicles) of cycling dairy cows.

In this study, pregnancies

have resulted from the transfer of IVF-derived bovine zygotes that were
transferred to recipients following their culture for 6 days in the ligated oviducts
of ewes. Ryan e ta l. (1990) has recently developed a new approach to IVF by
collecting gam etes from pregnant cattle. With this method, cumulus-intact
oocytes were successfully collected from the ovaries of FSH-treated pregnant
cows. IVF-derived embryos were then cultured to morulae in vitro. The use of
this method would allow embryos to be obtained from valuable, high producing
donor cows while they were carrying a fetus in utero.
Methods developed for producing embryonic clones in farm animals
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(Willadsen, 1986: Robl, e ta l., 1987) will increase the need for abattoir oocytes.
In this basic cloning procedure, a single blastomere from a 16 or 32-cell embryo
is joined with half of an unfertilized oocyte by electrofusion.

Although this

procedure often uses oocytes obtained from the surgical collection of stimulated
donor cattle (Bondioli et al., 1990), it is possible to use oocytes aspirated from
the ovaries of slaughtered animals (Prather e ta l., 1987). As oocyte maturation
methodology improves, the use of abattoir oocytes for embryonic cloning will
likely become more commonplace. Although gene transfer techniques for farm
animals remain in the developmental stages, future breakthroughs in the
production of transgenic embryos by gene injection into the pronucleus
(Ham m er et al.,1985) or other methods will likely necessitate the use of very
early stage embryos from genetically superior animals.
The commercial application of these new embryo production techniques
will depend on the ability of very early stage embryos to develop into
pregnancies and produce live calves.

The embryos produced by IV F and

embryo cloning procedures are not at the stage of embryo development that is
optimal for nonsurgical transplantation.

Approximately 6 days of embryonic

development has been shown to be needed for the IVF-derived zygotes to be at
the appropriate stage of development to survive in utero following nonsurgical
embryo transfer, since acceptable pregnancy rates following embryo transfer in
cattle have been shown to occur only when embryos have reached the morula
and blastocyst stages of development (Schneider e ta l., 1980; Massey and
Oden, 1984; Hasler et al., 1987). If early-stage embryos could then be cultured
to a stage which allowed them to be transferred nonsurgically to recipient
females, significant gains could be made in these research areas.
In a recent review, First and Parrish (1987) com pared the overall
efficiency rates reported for the various stages of the bovine IVF process
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(including oocyte maturation, fertilization rate, pregnancy rate and calves born)
and found that techniques for obtaining blastocysts from one-cell embryos were
less successful than any other IVF-related procedure. One- to four-cell embryos
cultured in vitro rarely develop past the eight- to 16-cell stage, however, when in
vivo-derived eight- to 16-cell embryos are cultured in vitro they are able to
develop to the morula and blastocyst stages (Thibault, 1966).
One of the first approaches to overcome the in vitro block in farm animal
embryos incorporated synchronized sheep as an intermediate host (Willadsen,
1979).

The oviducts of the ewe were ligated and embryos were allowed to

develop in vivo for up to 4.5 days. Variations of this in vivo technique have
been reported using the oviducts of rabbits (Boland, 1984) and more recently
mice (Ebert e ta l., 1989). The use of intermediate host oviduct techniques labor
intensive, time consuming and often expensive.
Consequently, in vitro systems capable of fostering embryonic growth
through the in vitro block stage are being developed.

In recent years the co

culture of embryos with other mammalian cells has become a popular in vitro
embryo culture technique.

Kuzan and Wright (1981) reported the first use of

uterine fibroblast monolayers for the co-culture of embryos from farm animals.
In this and other early co-culture studies, the cell type used was primarily
fibroblast monolayers (Kuzan and Wright, 1982; Allen and Wright, 1984).
Subsequent studies using fetal uterine fibroblast monolayers for the co-culture
of mammalian embryos have resulted in pregnancies in cows (W iemer,
personal communication), horses (Wiemer e ta l., 1989c) and humans (Wiemer
e ta l., 1989a).
Rexroad et al. (1986) evaluated the development of ovine embryos
transferred following 24 hours of co-culture with ovine epithelial cells and noted
similar cleavage rates when these embryos were com pared with embryos
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transferred immediately following collection.

Later studies revealed that co

culture of ovine embryos with cells of endometrial origin resulted in improved
developm ental rates when compared with co-culture with fibroblast cells
(Gandolfi and Moor, 1967). Eyestone and First (1989) have noted an increase
in in vitro development to morulae and blastocysts when early stage bovine
em bryos w ere cultured with oviductal cell m onolayers, oviductal cell
suspensions or medium conditioned in oviductal cell suspensions. In this study,
pregnancies were obtained when IVF-derived embryos were transferred
following culture with cells or conditioned medium.
Ellington e t al. (1990a) surgically collected one- and two-cell bovine
oocytes then cultured them with fresh bovine oviductal epithelial cells, frozenthawed bovine oviductal epithelial cells, or in medium conditioned with
oviductal cells. No differences were noted with regard to development past the
eight to 16-cell in vitro block stage with these culture systems.

However, the

embryos cultured on fresh oviductal cells had significantly higher number of
blastomeres per embryo than embryos cultured on frozen thawed celts or in
conditioned medium.

The embryos cultured on fresh cells also had better

embryo viability scores than embryos in the other two treatments. Ellington et
al. (1990b)

also compared co-culture on monolayers of bovine oviductal

epithelial cells to in vivo culture in the ligated oviducts of rabbits using one- to
two-cell bovine embryos. Embryos co-cultured on these in vitro monolayers for
5 days had a similar number of cells and resulted in similar transfer pregnancy
rates when compared with embryos cultured in vivo using the rabbit oviduct
system.
Much of the early successful co-culture experiments with IVF-derived
bovine embryos used oviductal epithelial cells, however, recent results indicate
that granulosa cells also provide an effective co-culture system for IVF produced
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bovine zygotes.

Kajihara et al., (1987) reported development of IVF-derived

embryos to the hatched blastocyst stage during in vitro culture on follicular
granulosa cells obtained during the aspiration of the cumulus oocyte
complexes. Goto et al. (1988) subsequently reported that pregnancies could be
obtained following long term co-culture of in wfro-fertilized oocytes (6 to 7 days)
with these granulosa cells.
An alternative technique for promoting the growth and development of
early stage mammalian embryos uses the amniotic cavity of the 4- to 7-day-old
chick embryo as an in vivo culture system (Blakewood e ta l., 1988). This system
has proven successful with embryos from mice (Blakewood e ta l., 1988), goats
(Blakewood e ta l., 1989a) and cows (Blakewood e ta l., 1989b) when compared
with in vitro culture in medium alone.

Live births have resulted when goat

embryos were transferred to recipient animals following 72 hours of co-culture
in the chick embryo amnion (Blakewood e ta l., 1990).
The objective of this series of experiments was to determine if the chick
embryo amnion was suitable for the development of one-cell IVF-derived
bovine embryos to a stage that would allow transfer to recipient cows.
Secondly, to com pare the developm ental rates of IVF-produced bovine
embryos cultured in the chick embryo amnion with the developmental rates of
similar embryos co-cultured with granulosa cells.

M aterials and Methods
A recently published procedure for the in vitro maturation and fertilization
of oocytes was used in the first of these experiments (Goto e t al., 1988). A
second IVF procedure was then evaluated, which also resulted in acceptable
rates of cleavage and in vitro development (Zhang et al., 1990a, 1990b). This
procedure was subsequently used in Experiments (EXP) II and III.
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Ovaries from mature dairy and beef cattle were collected at slaughter and
placed in a 500 ml wide-mouth glass bottle containing Dulbecco's phosphatebuffered saline (PBS).

Ovaries were then transported (22 to 24°C ) to the

laboratory within 5 hours from the time of slaughter. At the laboratory, ovaries
were rinsed twice in PBS, then £3 mm follicles were aspirated by inserting a 20gauge hypodermic needle through the ovarian stroma and into the follicles from
the base of the antral cavity. The oocytes with cumulus cells (cumulus oocyte
complexes, C O C) were then gently aspirated into a 6 ml syringe.

Follicular

fluids and COC were pooled in a 15 ml centrifuge tube until the follicles of 15 to
20 ovaries were aspirated.

COC were allowed to settle to the bottom of the

centrifuge tube (2 to 3 minutes), then the top 12 to 13 ml of follicular fluid was
carefully withdrawn and discarded.
C O C were then resuspended in a washing medium that consisted of
either HEPES-buffered TCM -199 (EXP I) or PBS + .1% polyvinyl alcohol (EXP II
and III). COC were evaluated under a stereomicroscope (80x) and rinsed twice
with washing medium prior to oocyte in vitro maturation (IVM ) procedures.
In EXP I, 160 COC were aspirated from bovine ovaries and incubated in
hormone-supplemented, HEPES-buffered TC M -199 with 5% fetal bovine serum
for 26 hours. In EXP II and III, 195 and 440 COC, respectively, were incubated
in TC M -199 with 5% FCS for 22 to 24 hours (Zhang et a i, 1990a, 1990b). All
incubations were conducted in a humidified atmosphere of 5% C O 2 in air at 39°
C. Following incubation, COC were placed in drops of Brackett-Oliphant (B-O)
medium containing sperm celts for in vitro fertilization.
Straws of frozen sperm from two different dairy bulls were thawed and
pooled in 15 ml plastic centrifuge and washed twice using B -0 medium. In EXP
I, sperm cell capacitation was enhanced by incubating «4 x 105 sperm cells in
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100 ill drops of B -0 medium under mineral oil.

B -0 medium in EXP I was

supplemented with 5 pM heparin and 2 mg/ml fatty-acid free BSA (Sigma).
Following a 4-hour capacitation period, 12 to 15 C O C were added to each drop
and incubation was continued for an additional 4 hours.

Sperm capacitation

was enhanced in EXP II and III by a 1 minute exposure of sperm cells to a .1 (iM
solution of calcium ionophore A23187.

Sperm cells in Experiments II and III

w ere then added to 50 pi drops of B -0 medium under mineral oil at a
concentration of - 1 .5 x
C O C per drop.
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cells/ml and incubated for 5 hours with 15 to 25

Heparin was not used in EXP II and III, however B-O was

supplemented with 2 mg/ml fatty acid-free BSA and 10 mM caffeine.

All

incubation of sperm and oocytes was completed in a humidified atmosphere of
5 % C O 2 in air at 39° C.

Following in vitro fertilization, ova were placed in

designated in vitro culture systems to assess subsequent development.

Experimental Design
Experiment I
This experiment was designed to determine if IVF-derived embryos could
develop to morulae and blastocyst at similar rates to IVF-derived embryos cocultured with cumulus cells for

6

or 7 days.

Following IVF procedures, ova

were randomly allotted to one of three treatments for in vitro culture. Fertilized
oocytes allotted to Treatment A were co-cultured with cumulus cells in vitro by
returning the oocytes and their attached cumulus cells to the same tissue
culture wells previously used for in vitro maturation (Figure

8

).

During the in

vitro maturation period, cumulus cells from C O C began attachment to these
culture wells.

Following the removal of C O C from the maturation wells for

fertilization, fresh HEPES-buffered TC M -199 was added to the cumulus cells
and they were returned to incubation.

Immediately after fertilization in
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microdrops, ova allotted to Treatment A were placed back into the wells
containing cumulus cells for subsequent co-culture.

Co-culture wells were

incubated at 3 9 ° C in a humidified atmosphere of 5% C O 2 in air. F re s h
H EPES-buffered T C M -1 99 was added to the co-culture wells at 72-hour
intervals. This in vitro culture technique was compared with two in vivo methods
for maintaining mammalian embryos inside the chick amniotic cavity for 6 or 7
days (Treatments B and C).
Due to the developmental patterns of the chick embryo, successful use of
its amniotic cavity for mammalian embryo co-culture appears to be confined to
the period between days 4 and 8 of incubation. In order to test this system over
a 6- or 7-day culture period, the sequential use of multiple chick embryos was
necessary. Recovery of bovine ova from one chick embryo amnion followed by
immediate injection into another chick embryo amnion was used in Treatments
B and C to allow chick embryo co-culture for this extended period. In Treatment
B, fertilized oocytes were injected into the amniotic cavities of a total of three
chick embryos without the use of agarose embedding. Incubation periods in the
first, second and third chick amnions were 2 days, 2 days and 2.5 days,
respectively.
Fertilized oocytes allotted to Treatment C were injected into the amniotic
cavities of a total of two chick embryos. Ova placed the first chick amnion were
injected without the use of agarose embedding and were co-cultured for 2 days.
Following recovery from the first amnion, bovine ova were agarose-embedded
and injected into a second amnion for a co-culture period of 4.5 days.

In both

Treatments B and C, agarose-embedding was not used immediately after
fertilization to allow attached cumulus cells to also be injected into the first chick
amnion. All injections into the chick embryo amnion occurred at day 4 of chick
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embiyo development.

Shell-less chick embryos were incubated at 39° C in a

humidified atmosphere of 2% COg in air.

Experiment II
This experiment was designed to compare chick embryo co-culture to
granulosa cell co-culture during the first 2 days of culture following IVF. COC
were matured and fertilized as described previously, then randomly allotted to
either cumulus coll or chick embryo co-culture treatments (Figure 9).

Ova

allotted to Treatment A were returned to in vitro culture with granulosa cells as
described in Treatm ent A of Experiment I.

Fertilized oocytes allotted to

Treatment B were injected into the amniotic cavities of 4-day-old chick embryos
without the use of agarose in order to inject the attached cumulus cells into the
amniotic cavity.

After 48 hours of incubation, ova and cumulus cells were

recovered from chick embryo co-culture and placed into culture wells with
cumulus cells maintained from the in vitro maturation procedures. All in vitro co
culture wells (Treatments A and B) received fresh HEPES-buffered TC M -199
medium at 72-hour intervals and were incubated at 39 ° C in a humidified
atmosphere of 5% C O 2 in air. Shell-less chick embryos were incubated at 39°
C in a humidified atmosphere of 2% C O 2 in air.

Experiment III
In this experiment, the developmental effect of chick embryo co-culture
on early cleavage stage embryos derived from IVF was compared with that of
granulosa cell co-culture. Following maturation and IVF procedures, all oocytes
were allowed to develop for 3 days in cumulus cell co-culture as described in
Treatment A of Experiment I (Figure 10). After 3 days cumulus cell co-culture,
one half of the embryos undergoing cleavage were randomly allotted to
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Treatment A and allowed to remain in vitro with cumulus cells.

The other half of

the cleaving embryos were allotted to Treatment B and removed from cumulus
cell co-culture and injected into the amniotic cavities of 4-day-old chick embryos
without the use of agarose embedding. After an additional 3 days of incubation
these embryos were recovered and compared with embryos which remained
with cumulus cells in vitro.
All in vitro co-culture wells (Treatments A and B) received fresh HEPESbuffered TC M -199 medium at 72 hour intervals and were incubated at 39° C in
a humidified atmosphere of 5% C O 2 in air.

Shell-less chick embryos in this

experiment were incubated as in the previous experiments.

Embryo Evaluation
In all Treatments of Experiments I and II, the morphology of cultured ova
was evaluated 2 days after fertilization procedures using a stereomicroscope
(80x). Single-cell ova and two-cell embryos that were present at this time were
considered nonviable and were removed from the culture system. Only those
ova that had undergone cleavage to the 4-cell stage were considered viable
embryos and were used for further testing of culture conditions. In Experiment
III, evaluation of embryo morphology was performed 3 days after fertilization
procedures. Only those embryos which had reached the eight-cell stage were
considered viable and remained in culture for the duration of the experiment.
The numbers of embryos undergoing normal morphological development at the
initial evaluation was used to compare different culture treatments.
In all three Experiments, final morphological evaluation of embryos was
performed after 6 or 7 days of in vitro culture. Development of embryos to the
morula and blastocyst stages during this time period was used as the final
comparison of culture treatments.
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Statistical Analysis
A Chi-square analysis using a contingency table with continuity
correction (Pearson and Hartley, 1954) was used to compare the number of
embryos developing during culture across treatment groups.

Results
Experiment I
After 2 days of incubation, 41 and 38 ova were recovered from the
amniotic cavities of nine chicks.

Of the total 79 ova recovered from the chick

embryo amnion, 48 (61%) appeared to be viable four- to six-cell embryos. This
compared with 26 (51% ) four- to six-cell embryos which developed from 51
fertilized oocytes cultured in the in vitro cumulus cell co-culture system (Table
7).

At this time, the 4- to 6-cell embryos recovered from the chick embryo

amnion were injected into a second shell-less chick embryo amnion using the
two techniques described previously.

Treatm ent B embryos were injected

without the use of agarose (n=25) and Treatment C embryos were agaroseembedded prior to injection (n=23).

Table 7. Co-culture of IVF-Derived Bovine Zygotes with Cumulus Cells or Chick
Embryo Culture Systems
Dav 2 of culture
No./ Recovered
4-6 cell
no. (%)
no. (%)
group

Co-culture
Treatment
A CUM -*■ CUM
B CHK-» CHK
C CHK -* CHK

CHK

Dav 6.5 of culture
Recovered
Morulae
no. (%)
no. {%)

51

51 (100)

26a (51)

26 (100)

7a (27)

51

41 (80)

25a (61)

9 (36)

5a (55)

51

38 (75)

23a (61)

10 (43)

1a (10)

CUM - cumulus cell co-culture, CHK » chick embryo co-culture
a No significant difference between treatments
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Treatm ent B embryos were recovered after 48 hours and injected into the
amniotic cavity of a third chick embryo for the final 2.5 days of incubation. The
agarose embedded embryos in Treatment C were incubated an additional 4.5
days in a single chick embryo amnion (Figure 8). O f the 26 cleaving embryos
that were maintained in vitro with cumulus cells, seven (27% ) continued
development to the morula or blastocyst stage after 6.5 days of co-culture. At
this time, nine of the 25 embryos allotted to Treatment B were recovered, and
55% (5/9) of these embryos were judged to be transferable quality morulae or
blastocysts. Of the 23 embryos allotted to Treatment C, 10 were recovered and
only one of these (10% ) was a transferable quality morula.

There were no

significant differences in the number of four- to six-cell embryos after 2 days of
culture

between the three treatments.

Neither were there any significant

differences in the number of morulae between treatments.
The 6 morulae and blastocysts recovered from chick embryo amnions in
Treatments B and C were transferred to day-6 recipient cattle (two morulae in
one recipient, four single-embryo transfers). At the time of this writing, three of
five (60% ) recipients remain pregnant.

Experiment II
During the first 2 days of culture following fertilization, 47 of the original
95 oocytes cultured in vitro with cumulus cells (Treatment A) developed to the
four- to six-cell stage (49%) (Table 8). At this time, 96 of the original 100 (95%)
ova were recovered from the amniotic cavities of chick embryos (Treatment B).
O f these 96 recovered ova, 33 were at the four- to six-cell stage (34%) which
was significantly less than the number of four- to six-cell embryos obtained from
cumulus cell co-culture.
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Table 8. Co-culture of One-Cell Bovine IVF-Derived Embryos for Two Days in
the Chick Embryo Culture System

Co-culture
treatment
A

C U M -» CUM

B CHK - * CUM

No./
group

Day 2 of culture
Recovered
4-6 cell
no. (%)
no. (%)

___ Day.Z-Qf culture
Recovered
no. (%)

M a and B
no. (%)

95

95 (100)

47b (49%)

47 (100)

33b (70%)

100

96 (96)

33c (34% )

33 (100)

2 0 b (61%)

CUM - cumulus cell co-culture, CHK - chick embryo co-culture
a M - morula, B - blastocyst
b,c Different superscripts In the same column are significantly different (P<.05)

W hen cumulus cell co-culture of embryos from both treatments was
continued for 5 additional days, 33 of the 47 (70% ) four- to six-cell embryos
recovered from initial co-culture with cumulus cells (Treatment A) continued
development to the morula and blastocyst stages. This was not different from
the 20 morula and blastocyst (61%) developing in vitro from the 33 four- to six
cell embryos recovered from the chick embryo amnion (Treatment B) (Table 8).

Experiment III
After the initial 3 days of in vitro co-culture with cumulus cells, 190 of 440
fertilized oocytes (43% ) developed to the eight- to 16-cell stage. When 95 of
these embryos remained in cumulus cell co-culture (Treatment A), 51 (53%)
developed to the morula and blastocyst stages after 3 additional days in culture
(Table 9).
Of the 95 embryos allotted to Treatment B and injected into the amniotic
cavities of chick embryos, 43 of the 70 embryos recovered after three days of
chick embryo co-culture developed to the morula and blastocyst stage (61%).
Neither the number of eight to 16-cell embryos nor the number of morulae and
blastocyst were significantly different between treatments.
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Table 9. Co-culture of Early-Stage Bovine IVF-Derived Embryos for Three Days
in the Chick Embryo Culture System

Co-culture
treatment

No./
group

Day 3 of culture
________ Day,6 Qf.culture___
Recovered
8-16 cell
Recovered Ma an d B
no. {%)
no. (%)
no. (%)
no. (%)

A CUM -» CUM

220

220 (100)

9 5 (4 3 )

95 (100)

51b (53)

B CUM -* CHK

220

220 (100)

9 5 (4 3 )

70

43b (61)

(74)

CUM » cumulus cell co-culture, CHK - chick embryo co-culture
a M - morula, B - blastocysts
b No significant difference between treatments

D iscussion
In addition to confirming the effectiveness of granulosa cell co-culture,
which has previously been shown to be an effective technique for promoting the
growth of IV M -IV F embryos through the block stage (Goto e t al.t 1988), the
results of this series of experiments indicate that chick embryo co-culture is also
an effective means of culturing these embryos. The use of chick embryo co
culture for the entire 6 or 7 days needed for embryos to reach the blastocyst
stage, however, does not appear to have an advantage over the cumulus cell
co-culture system.

Co-culture in the chick embryo amnion for periods longer

than 5 days has been attempted in our laboratory, but without success.
Injection of the chick amniotic cavity cannot occur prior to day 4 of incubation,
and by day 10 or day 11 the amnion has become too large and fragile to be
efficiently isolated from the remainder of the egg contents.

Additionally, the

chick begins to ingest amniotic fluids on day 11 of development (Romanoff,
1960), increasing the risk of losing any mammalian embryos within the amniotic
cavity.
Attempts at using sequential culture in the amniotic cavities of multiple
chick embryos does not appear to be a viable alternative to 6 or 7 days of
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culture using a single chick embryo. In the case of EXP I, the compound losses
of embryos noted when embryos were recovered from one chick amnion and
injected into another appear to outweigh any potential increase in viability. The
use of either two or three chick embryos both resulted in unacceptable loss of
bovine embryos. With regard to the sequential use of two chick embryos, only
one bovine embryo which was agarose embedded and cultured for 5 days in a
single chick amnion reached the morula stage. This may be due to a less than
favorable amniotic environment at later stages of chick embryo development.
Previous studies at this laboratory have only evaluated chick embryo co-culture
for a period of 4 days.
Experiment II and III were subsequently conducted in order to determine
if chick embryo co-culture could be effectively used along with cumulus cell co
culture to enhance the development of IVF embryos to the morula and
blastocyst stages. Results from EXP II indicate that the the injection of oocytes
in the chick embryo amnion immediately after in vitro fertilization does not
enhance cleavage rates during the first 2 days of development when compared
with co-culture of similar embryos on cumulus cells.

Subsequent in vitro

development of embryos following recovery from the chick embryo amnion was
also no different than that of embryos which remained with cumulus cells for the
duration of the experiment.
In Experiment III, eight to 16-cell, IVF-derived embryos co-cultured in the
chick embryo amnion for 3 days did develop to the morula and blastocyst stage.
However, the numbers of morulae and blastocysts were not increased when
com pared with cumulus cell co-culture.

Although results from all three

experiments indicate that the chick embryo amnion is an effective embryotropic
environment, its use with embryos derived from IV F procedures does not
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appear to be advantageous over that of cumulus cell co-culture.

Due to the

increased difficulty and decreased embryo recovery involved with using chick
embryo co-culture as an alternative to in vitro culture systems, it may not be an
realistic alternative to cumulus cell co-culture.

However, there may be some

element of the chick embryo co-culture system that can be incorporated into an
effective in vitro system.
Attempts to incorporate the beneficial effects of chick embryo amniotic
fluid with those of cumulus cell co-culture are currently underway. Up to 1 ml of
amniotic fluid can easily be extracted from the amniotic cavity of a 7-day-old
chick embryo and used as a medium for in vitro culture. A combination of chick
embryo and cumulus cell culture procedures may have more potential for
success than that of either technique alone. This approach could prevent the
losses of embryos associated with injection into and recovery from the intact
amniotic cavity.

CHAPTER VII
TH E USE O F CHICK EMBRYO AMNIOTIC FLUIDS FOR THE IN VITRO
CULTURE O F EARLY-STAGE MAMMALIAN EMBRYOS

Introduction
Th e

successful

m aintenance

of m am m alian

em bryos

in vitro is

apparently dependent on the presence of some type of biological fluid.

From

the pioneering works involving the culture of rodent embryos in undiluted blood
plasma (Brachet, 1912; Lewis and Gregory, 1929), biological extracts have
remained an essential component of the in vitro milieu. Balanced salt solutions
currently provide the basis for commercially available embryo culture media,
however, successful embryonic development in these m edia requires the
addition of serum or bovine serum albumin (BSA) (Wright and Bondioli, 1981).
H eat treated bovine serum is most often used in the culture of domestic
embryos, and human serum is currently being used for studies involving the
culture of human embryos.
Despite the apparent standardization of heat-treated serum and BSA as
supplements for embryo culture media, inconsistencies in their effectiveness
have been reported.

Sirard and Lambert (1985) have shown that identically

prepared batches of bovine serum from different animals gave different results
in their ability to promote cleavage of four-cell bovine embryos.

Additionally,

Kane (1987) has reported that rabbit morulae cultured to the blastocyst stage in
medium supplemented with BSA had more than twice as many cells when a
different batch of BSA was used for culture.
Human amniotic fluids have recently been used as an alternative to
balanced salt solutions for in vitro fertilization and culture of human embryos
(Gianaroli et al., 1986). The amniotic fluids used in this study were taken from
women during the 16th to the 21st weeks of gestation, and supported the
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development of two-cell mouse embryos to the blastocyst stage as effectively as
medium supplemented with fetal bovine serum (FBS). These fluids were also
used for the fertilization, culture and transfer of human embryos. When amniotic
fluids were used in the procedures of nine patients, four (44% ) pregnancies
resulted.

Recently, embryotropic activity has been verified in human amniotic

fluids using early-stage murine embryos cultured with amniotic fluids obtained
from women during early pregnancy (Ball et al., 1988).
In another study using human amniotic fluid for the culture of murine
embryos, 1000 mouse embryos were cultured in human amniotic fluid extracted
during the 16th week of pregnancy.

After 72 hours of culture, there were

significantly more expanded blastocyst in amniotic fluid culture than in Earle's
medium culture (Oettleg and Wiswedel, 1990).

In a study using IVF produced

murine embryos, 9 2% of the embryos cultured in human amniotic fluids
underwent cleavage compared with 86% undergoing cleavage in Ham's F-10
medium (Coetzee et al., 1990). Other studies have indicated that frozen-thawed
human amniotic fluids retain their ability to promote in vitro development of
early-stage murine embryos (Fugger et al., 1987).
Bovine amniotic fluids have also been used for the culture of murine
embryos (Javed et al., 1990).

Murine two-cell embryos were successfully

cultured to the hatched blastocyst stage in frozen-thawed bovine amniotic fluids
obtained at less than 70 days of gestation. These researchers did, however,
note a decrease in embryonic developmental rates when amniotic fluids were
frozen prior to use in embryo culture.
The purpose of this series of experiments was to evaluate if the amniotic
fluids of the developing chick embryos could be used with in vitro culture
systems, either undiluted or as a supplement in standard culture media. The in
situ chick amnion has been shown to allow development of early stage embryos
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from mice (Blakewood et al., 1988), goats (Blakewood et al., 1989a) and cattle
(Blakewood et al., 1989b).

If the extracted amniotic fluids of the developing

chick embryo proved to have embryotropic properties in vitro, these fluids may
represent an alternative supplement for embryo culture media.

Due to the

highly inbred nature of domestic fowl, it is likely that amniotic fluids taken from
the same stage chick embryos of a particular breed would likely be uniform in
their constituents, and therefore their embryotropic properties.

M aterials and Methods
Amniotic fluid extraction
Fertilized chicken eggs w ere obtained from naturally-m ated white
leghorn hens and incubated at 37 ° C in a commercial chicken egg incubator
which rotated the eggs at 1-hour intervals.

After 7 days of incubation, eggs

were wiped with a 70% ethanol solution and held in an upright position using a
small ring stand placed in a laminar flow hood.

The portion of the egg shell

above the air space was carefully cracked and shell fragments were removed,
exposing a circular region (25 mm diameter) of the shell membrane directly
above the chick embryo. The shell membrane was carefully peeled away using
a small pair forceps, exposing the day-7 chick embryo. A 25-gauge hypodermic
needle attached to a 3 ml syringe was used to pierce the amniotic cavity, and .5
to 1 ml of amniotic fluid was aspirated from the amniotic cavity.

Extracted

amniotic fluids from three to five chick embryos were pooled in sterile, 5 ml
glass tubes prior to the in vitro culture of embryos. If storage for longer than 7
days was required, chick amniotic fluids (CAF) were frozen and held at -20° C.
For storage periods of less than 7 days, CAF were held at 4° C.
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Collection of Mouse Embryos
Female mice (IC R ) at 21 to 28 days of age were injected with 5 IU of
PM SG, followed at 48 hours by 5 IU of hCG and placed with mature ICR males.
The donor mice were sacrificed 36 to 42 hours after hCG injection the distal
ends of the uterine horns, oviducts and ovaries were excised and placed under
a stereomicroscope. The ovaries and most of the uterine horns were carefully
trimmed away from the oviducts, which were then flushed by inserting a fine
glass tube into the infundibulum and forcing «.1 ml of flushing medium through
the oviduct. The flushing medium consisted of PBS + .1% polyvinyl alcohol and
1% antibiotic (Gibco), which was also used to wash the recovered two-cell
embryos prior to placement in culture wells.

fn Vitro Fertilization of Bovine Embryos
Procedures for the production of in vitro fertilized bovine embryos were
performed as described for Experiments II and III of Chapter VI. Ovaries from
mature dairy and beef cattle were brought to the laboratory within 5 hours from
the time of slaughter. At the laboratory, ovaries were rinsed, then follicles 23
mm were aspirated.

The follicular fluids and oocytes with cumulus cells

(cumulus oocyte complexes, COC) were pooled in a 15 ml centrifuge and COC
were allowed to settle to the bottom of the tube. COC were evaluated for intact
cumulus complexes and washed prior to oocyte in vitro maturation (IVM )
procedures.
For in vitro maturation of oocytes, C O C were incubated in T C M -199
supplemented with either 10% FCS or 10% C AF for 22 to 24 hours. Incubation
was conducted in a humidified atmosphere of 5 % C O 2 in air at 39° C.
Following incubation COC were placed 15 to 25 per drop in 50 pi drops of
Brackett-Oliphant (B-O ) medium under mineral oil for in vitro fertilization
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procedures. B -0 medium was supplemented with 2 mg/mi fatty acid-free BSA
and 10 mM caffeine.
Frozen bull sperm was thawed and capacitation was enhanced by a 1
minute exposure of sperm cells to a .1 pM solution of calcium ionophore
A 23187.

Sperm cells were then added to the 50 pi drops of B-O medium

containing matured oocytes at a concentration of * 1 .5 x 106 cells/ml and
incubated for 5 hours in a humidified atmosphere of 5 % C O 2 in air at 39° C.
Following in vitro fertilization, ova were placed in designated in vitro culture
systems for comparison.

Cell Staining
At the conclusion of each experiment, embryonic nuclei were stained
using Hoescht-33342 stain and visualized using UV fluorescence microscopy
(Crister and First, 1986). Embryos were placed into 10 pi drops of working stain
solution (1 pg/ml Hoescht 33342 in 25% ethanol, 75% 2.3 M N a citrate)

on

siliconized slides. After 5 minutes at 20° C, the stain solution was removed and
coverslips were mounted using Permount® (Sigma) solution. Embryonic nuclei
were observed at 200x using a Zeiss fluorescent microscope equipped with a
10x Neofluar objective and a filter system consisting of a 340 to 360 nm exciter
and a 430 nm barrier filters. Nuclei that fluoresced were counted by a trained
observer.

Experimental Design
Experiment I
Murine embryos were randomly and equally allotted to one of five
treatment groups (Figure 11). In Treatment A, murine embryos were cultured in
Ham's F-10 without supplements. Treatment B consisted of Ham's F-10

Experimental Design
Treatment A
HF-10
0

24

48

Time, Hours
Treatment B
| HF-10 + Fetal Bovine Serum
0

24

3

48

Time, Hours
Treatment C
Ham's F-10 + CAF
0

24

n
48

Time, Hours
Treatment D
| Chick Amnfotic Fluid
0

24

48

Time, Hours
Treatment E
0

24

48

Time, Hours

Figure 11. Co-Culture of 2-Cell Murine Embryos
In the Chick Embryo Amnlotic Cavity and Culture
in Extracted Chick-EmbryoAmnfotic Fluids

Experimental Design
Treatment A
199 + FBS | IVF | TCM 199 ♦ Fetal Bovine Serum
24

0

24

48

Staining
72

96

Time, Hours
Treatment B
199 ♦ FBS | IVF
24

St ai ni ng
0

24

48

Time, Hours
Treatment C
IVF | TCM 199 + Fetal Bovine Serum"
24

0

24

48

Staining
72

96

Time, Hours
Treatment D
St a i ni ng
24

48

Time, Hours

Figure 12. Maturation and Culture of IVF-Derived Bovine
Embryos in Extracted Chick Embryo Amniotic Fluids
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medium supplemented with 10% FBS and Treatment C consisted of Ham's F10 medium supplemented with 10% CAF.

Embryos cultured in Treatment D

were cultured in vitro in undiluted CAF. Embryos allotted to Treatment E were
agarose embedded and injected into the amniotic cavities of 4-day-old in vitro
chick embryos, as described previously in Chapter III.

Experiment II
The effects of CAF supplementation on both the maturation of bovine
oocytes and their subsequent in vitro development were evaluated using four
different combinations of maturation and culture media (Figure 12).

Following

the evaluation of aspirated oocytes, COC were randomly and equally allotted to
one of the four treatment groups. In Treatments A and B, oocytes were matured
in TC M -199 supplemented with 10% FBS. In Treatment C and D, oocytes were
m atured in T C M -1 99 supplemented with 10% CAF.

Following in vitro

fertilization procedures, zygotes from Treatments A and C were cultured in
TC M -199 supplemented with 10% FBS and zygotes from Treatments B and D
were cultured in TC M -199 supplemented with 10% CAF.

Experimental Procedures
Experiment I
C A F used for murine embryo culture were extracted from day-7 chick
embryos at the beginning of the experiment and were not frozen.

Culture

medium (H F -10) and amniotic fluids used in Treatm ents A, B, C, and D
contained 1% antibiotic and was filtered through a .2 p.m syringe filter into fourwell tissue culture plates which were preincubated for at least 1 hour before the
introduction of mammalian embryos.

Culture plates were maintained in a

humidified 5% C O 2 atmosphere at 37° C.

in vitro chick embryos used for
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mouse embryo co-culture were maintained in a humidified atmosphere of 2%
C O 2 at 37° C. Viable appearing two-cell mouse embryos were randomly and
equally placed on treatments immediately following collection from donor mice.
All mouse embryos were cultured for 48 hours, then stained with Hoescht
33342 for assessment of cleavage and morphological development.

Experiment II
The CAF used for supplementation of TC M -199 in this experiment were
collected from day-7 chick embryos and were frozen prior to use in maturation
and culture media. Cumulus cells which had attached to the tissue culture wells
during in vitro maturation procedures were used for the co-culture of zygotes
following fertilization procedures by returning the zygotes to their original
maturation wells with fresh medium.

During maturation and culture, oocytes

and embryos were incubated in a humidified 5% C O 2 atmosphere at 39° C.
After 96 hours of culture (post-fertilization), cleaving embryos were stained with
Hoescht 33342 and nuclei were counted using fluorescence microscopy.

Statistical Analysis
The mean number of cells between treatments within experiments were
compared using a one-way analysis of variance (Steele and Torrie, 1980). The
mean number of cleaving bovine embryos in treatments for Experiment II were
compared by Chi-squared analysis using a contingency table with continuity
correction (Pearson and Hartley, 1954).

Results
Experiment I
No significant differences in cell numbers were detected among embryos
cultured in H F-10, FBS supplemented H F-10, CAF supplemented HF-10 or
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undiluted CAF with mean cell numbers of 6 .9 ,6 .4 , 7.0 and 6.5, respectively.
Table 10. Culture of Two-Cell Mouse Embryos in the Chick Embryo Amnion or
in Medium Supplemented with Chick Amniotic Fluids
Treatment
group

No./
group

No.
stained

No. cells8
at 48 hours

40

40

6.9 ± .65b

B HF-10 + FBS

40

40

6.4 ± .43b

C

40

38

7.0 ± .66b

D CAF

40

38

6.5 ± .50b

E

40

31d

11.4 ± .86°

A

H F-10

HF-10 + CAF

Chick Embryo

FBS - fetal bovine serum, CAF - chick amniotic fluid
a Mean plus or minus Standard Error
b,c Different superscripts In the same column are significantly different (P<.05)
d 9 embryos lost during chick embryo co-culture

However, those embryos that were agarose embedded and injected into the
amniotic cavities of day-4 chick embryos did have significantly higher numbers
of cells, with a mean cell count of 11.4. Of the original 40 embryos injected into
the chick embryo amnion, 9 (23%) were lost during culture due to chick embryo
death or during recovery procedures.

Experiment II
When bovine oocytes were both matured in medium supplemented with
FBS and the fertilized zygotes subsequently cultured in medium supplemented
with FBS, significantly less cleavage occurred than in any other combination of
CAF and FBS supplemented maturation and culture media. Cleavage occurred
in only 68% of the embryos in Treatm ent A (F B S -» F B S ) com pared with
cleavage rates of 78, 78 and 77% , respectively in Treatments B (FBS-»CAF), C
(C AF->FB S) and D (CAF-»CAF).
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Table 11 . I n Vitro Maturation of Bovine Oocytes and Subsequent Culture of IVFDerived Bovine Embryos in Medium Supplemented with Chick Amniotic Fluids
No./
group

No.
Cleaved (%)

No.
Stained

No. Cellsa at 96
hours post-IVF

FB S ->FB S

193

131b (68)

125

8.3 ± .42b

B FB S->CA F

193

151° (78)

C C A F-»FB S

193

151® (78)

142

6.4 ± .30®

D CAF—»CAF

193

150° (77)

130

8.3 ± .37b

Treatment
A

71 d

8.7 ± .55b

FBS - fetal bovine serum, CAF - chick amniotic fluid
a Mean plus or minus Standard Error
b<® Different superscripts in the same column are significantly different (P<.05)
d 50% of the embryos in this treatment were lost to contamination prior to staining

Although the total number of cleaving embryos was less in Treatment A,
the mean number of cells in cleaving embryos from Treatment A (FB S ->FB S )
was not different from the mean number of cells in embryos from Treatments B
(F B S ^ C A F ) and D (C A F-»C A F). The mean number of cells in embryos from
Treatment C (CAF-»FBS) was, however, less than the mean cell counts for the
other three treatments, with only 6.4 cells/embryo in Treatment C compared with
8 .3 ,8 .7 and 8.3 cells/embryo in Treatments A, B and D, respectively.

D iscussion
Although previous experiments involving chick embryo co-culture have
used the amniotic environment of shell-less chicks maintained in static (nonrotating) incubation systems, the amniotic fluids used in these experiments were
taken from chick embryos maintained inside their shells and incubated in a
commercial system with egg rotation at 1-hour intervals. Observations by New
(1957) show that the critical period for egg turning is between days 4 and 7 of
incubation.

In fact, normal hatchability can be obtained from eggs which are

turned on days 4 through 7 and then left unturned for the remainder of the
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incubation period.
Although the need for egg turning has long been realized, it was
commonly held that embryonic death in unturned eggs was due to adhesion of
embryonic membranes to the shell membrane.

Deeming ef a/. (1987) have

recently suggested that embryonic death in unturned chick embryos may
instead be due to a settling and non-distribution of proteins necessary for
normal embryonic growth.

The critical period of egg turning (day 4 to day 7 of

incubation) coincides with the time of subembryonic fluid formation (day 3 to
day 7) in the chick embryo. These subembryonic fluids are a source of yolk
proteins for the chick embryo.
Rowlett and Simkiss (1987) have shown that embryonic growth in chick
embryos maintained in vitro is enhanced by rocking the shell-less culture
systems during the first half of the incubation period. The prospect of increasing
the potential growth promoting characteristics of the chick embryo environment
by rocking the eggs during the first 7 days of incubation was a consideration in
not using amniotic fluids extracted from static, shell-less chicks.
The use of undiluted CAF for the culture of murine embryos does not
appear to be an effective alternative to serum supplemented medium in the
present experiment, however, more thorough evaluation of several aspects of
this technique are needed. Culture wells containing undiluted C AF were
incubated in a humidified atmosphere of 5% C 0 2 in air. Previous reports using
human amniotic fluids for the culture of mammalian embryos (Gianaroli et a t,
1986; Fugger e t a l , 1987) also used a 5% C 0 2 in air atmosphere. Although the
pH of CAF was measured and found to be 7.2 immediately following extraction
from the chick amnion, pH measurements were not taken at the conclusion of
the experiment.

Evaluation of pH stability in the culture system should be

assessed prior to further investigations.
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Additionally, the human amniotic fluids used in the previously mentioned
reports were heat treated at 56° C for 30 minutes.

Heat inactivation was not

performed on the CAF, since positive co-culture results had previously been
obtained following the injection of mammalian embryos into the intact chick
embryo amnion.

Nonetheless, the potential for embryotoxic immunological

activity in CAF should be investigated in the future.
Although the use of CAF did not result in higher cleavage rates than
supplementation with FBS, the injection of agarose-embedded murine embryos
into the chick embryo amnion on day 4 of chick embryo incubation did result in
significantly higher cell counts. The use of amniotic fluids extracted from chicks
at day 7 of incubation may not provide the same embryotropic qualities found in
the in situ amniotic fluids during days 4, 5 and 6 of development. Although the
volume of amniotic fluids at day 4 may be too small for successful extraction, the
fluids from chicks at day 5 and 6 of development should also be tested.
With regard to the effects of CAF on the in vitro maturation of bovine
oocytes and their subsequent in vitro development following fertilization, the
results of the second experiment offer no definitive conclusions. Although less
cleavage occurred when oocytes were matured in medium supplemented with
FBS and subsequently cultured in medium supplemented with FBS, it cannot
be concluded that the use of FBS for in vitro maturation was responsible, since
oocytes matured in medium supplemented with FBS and subsequently cultured
in medium supplemented with CAF had higher rates of cleavage.
Similarly, the lower cell counts noted when embryos were cultured in
medium supplemented with FBS following oocyte maturation in medium
supplemented with CAF does not appear to be due to FBS in the culture
medium, since higher cell counts were obtained from embryos cultured in FBS
supplemented medium following oocyte maturation in FBS supplemented
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medium.
It appears that CAF would be a viable alternative to FBS in bovine IVF
and embryo culture applications, however, further testing is warranted. Perhaps
C AF extracted from chick embryos of different breeds and at different stages of
development may provide better and more conclusive results.

If an optimal

breed and stage of chick embryo for amniotic fluid extraction were found, a
more consistent culture media supplement than serum would be easily within
the reach of most laboratories.

SUMMARY AND CONCLUSIONS
A total of ten experiments were conducted to evaluate if the amniotic
cavity of the developing chick embryo could serve as an alternative culture
system for the in vitro development of preimplantation mammalian embryos.
Chick embryos were maintained in shell-less culture rather than inside the
eggshells in order to facilitate the repeatable injection and subsequent recovery
of mammalian embryos from the chick amniotic cavity.
Pronuclear-stage murine embryos were used in the initial experiment to
evaluate the potential benefits of culturing mammalian embryos in the chick
embryo amnion.

Agarose embedding of mouse embryos was performed in

order to minimize the loss of embryos during culture and recovery. When two
strains of mouse embryos were cultured for 72 hours in either the chick embryo
amnion or in a Whitten's control medium, more hatched blastocyst-stage
embryos resulted from both strains when cultured in the chick embryo amnion.
These results suggest that the amniotic cavity of the developing chick embryo is
a suitable environment for growth and development of early-stage mammalian
embryos.
In order to determine the effectiveness of using this procedure on the
embryos from a larger species, two experiments were performed using earlystage embryos from the domestic goat. Co-culture of goat embryos in the chick
embryo amnion for 72 hours resulted in blastocyst development at rates equal
to co-culture of similar embryos on uterine fibroblast monolayers.

Both co

culture treatments resulted in higher rates of blastocyst formation when
compared with co-culture with caprine trophoblastic vesicles or culture in
medium alone.

When chick embryo co-culture was extended to 96 hours and

compared with co-culture on uterine monolayers for 96 hours, more blastocyst
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development occurred when embryos were cultured in the chick embryo
amnion.

These results suggest that the chick embryo amniotic cavity might

serve as an alternative culture vessel for embryos from domestic species.
To determine if the chick embryo amnion could promote development in
embryos obtained from cattle, precompaction-stage bovine morulae were co
cultured for 72 hours in the chick embryo amnion or cultured on uterine
fibroblasts or in medium alone.

More expanded blastocysts resulted from

embryos co-cultured in the chick embryo amnion than resulted from monolayer
co-culture or culture in medium alone, indicating that chick embryo co-culture
was also an effective procedure for promoting the in vitro development of
bovine embryos.
In order to determine the effects of in vitro culturing bovine embryos in the
chick embryo amnion prior to freezing, precompaction-stage bovine morulae
were cultured for 48 hours in each of three treatments. Bovine embryos were
cultured in the chick embryo amnion, on monolayers of oviductal epithelial cells
or in medium alone. At the end of a 48 hour in vitro culture interval, all embryos
were frozen in liquid nitrogen.

Following thawing, blastocyst development in

vitro was higher for embryos which were co-cuttured with either the chick
embryo or cell monolayers than for embryos cultured in medium alone.
H ow ever, when em bryos w ere allowed to develop in vivo, blastocyst
development following thawing tended to be higher than when embryos were
co-cultured prior to freezing. Although co-culture prior to freezing did improve
post-thaw viability when compared with pre-freeze culture in medium alone,
these results suggest that neither in vitro culture system mimics in vivo embryo
development adequately enough to allow for acceptable freeze-thaw survival
rates.
There currently exist a need to culture bovine embryos derived from in
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vitro fertilization (IVF) procedures. However, 6 or 7 days of culture are required
for development of IVF-derived bovine embryos to the morula and blastocyst
stages. In order to determine if co-culture in the chick embryo amnion would be
efficacious for a period of 6 or 7 days, two methods for culturing IVF-derived
bovine embryos in multiple chick embryo amnions were evaluated. Sequential
co-culture in either two or three chick embryo amnions resulted in an
unacceptable high loss of bovine embryos. Additionally, co-culture of agaroseembedded bovine embryos for a period of 108 hours in a single chick embryo
amnion resulted in low rates (10%) of embryonic development. These results
suggested that using chick embryo co-cutture for the entire 6 or 7 day period
required for blastocyst formation in IVF-derived bovine embryos may not be
practical.
Two experiments were conducted to determine if chick embryo co-culture
for a 2 or 3 day portion of the total culture period would improve the rate of
morula and blastocyst development from IVF-derived bovine embryos. The use
of chick embryo co-culture during the first 2 days of development following IVF
resulted in less morula and blastocyst development at the end of 7 days of total
in vitro culture.

When IVF-derived eight- to 16-cell bovine embryos were

injected into the chick embryo amnion following 3 days of in vitro culture with
cumulus cells and cultured an additional 3 days, rates of morula and blastocyst
development were not different from morulae and blastocysts developing in
cumulus cell co-culture. These results suggest that the chick embryo amnion
can support the development of early-stage IVF-derived bovine embryos,
however, cumulus cell co-culture appears to be more beneficial during the first
2 days of development.
Amniotic fluids were extracted from day-7 chick embryos to determine if
these fluids could be used for the in vitro culture of mammalian embryos. When
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two-cell mouse embryos were cultured in undiluted amniotic fluids or amniotic
fluid-supplemented culture medium for 4 8 hours, the resulting numbers of
blastomeres were not different from the number of blastomeres in embryos
cultured in medium supplemented with fetal bovine serum (FBS).

However,

when two-cell mouse embryos were agarose embedded and injected into the 4day chick embryo amnion, cell numbers after 48 hours of culture were higher
than the cell counts from embryos cultured in amniotic fluids or in medium sup
plemented with either amniotic fluids or FBS. These results indicate that in vitro
culture in extracted avian amniotic fluids did not duplicate the embryotropic
effect of culture in the living chick embryo amnion in this study. Possibly more
refinement of this technique is needed before a final conclusion can be made.
Chick amniotic fluids were used as a supplement in medium for the in
vitro maturation of bovine oocytes and their subsequent in vitro culture in
another study.

Results suggest that chick amniotic fluids supported cleavage

and development in bovine IVF-derived embryos at similar rates to FBSsupplem ented medium.

No overt differences in the effectiveness of

supplementation with either chick amniotic fluids or FBS were detected in this
study.
The novel technique of culturing mammalian embryos in the chick
embryo amniotic cavity as designed and tested in this series of experiments is
still in an early stage of development.

Although chick embryo co-culture does

not appear to provide a definitive alternative to in vivo embryonic growth, the
ability of the chick embryo amniotic cavity to maintain mammalian embryo
developm ent at rates equal to other currently used in vitro systems is
encouraging.

This system has the potential of contributing to more effective,

integrated culture systems for promoting the development of preimplantation
mammalian embryos in vitro.
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The amniotic fluids of the developing chick embryo have not been
defined, particularly during the first week of development.

More complete

characterization of the chick embryo amniotic fluid coupled with more precise
examination of its embryotropic properties could allow for more effective chick
embryo co-culture systems in the future. Such "fine tuning" of the culture system
could include the use of avian embryo from different breeds or species, the use
of dynamic incubation systems (i.e. rocking), or the use of eggs with intact
shells.

Further culture studies using extracted amniotic fluids are also

warranted.

Amniotic fluids extracted on different days of development or used

in different concentrations with different media may yield more definite results.
Combining the use of these amniotic fluids with other supplements and co
culture techniques may also prove effective.
The chicken egg is certainly a marvel of vertebrate developmental
potential.

The ability of this compact, self contained package to produce a

precocious hatchling after only 21 days of incubation remains one of the
wonders of biology. In spite of volumes of written material describing the events
that take place during incubation, the precise control of development in the
fertile avian egg is poorly understood.

As these developmental mechanisms

are elucidated, they may represent an important resource which can be applied
to assisting in the in vitro development of mammalian embryos.
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A P P E N D IX 1. Materials Required for Chick Embryo Co-culture
A.

Equipment

1.
2.
3.
4.
5.
6.
7.
8.

Temperature-controlled chicken egg incubator, Marsh Roll-X1
Laminar-flow hood, Nuaire2
Temperature-controlled incubator with 2% C O 2 , 37° C
Temperature-controlled water bath, 50° C
Covered warming hood 30-35° C
G as Bunsen burner, microburner head
Rotary microgrinder, model EG-3 Narishige3
Stereomicroscope (10-40X) with overhead light source, Zeiss4

B.

Chemicals

1.
2.
3.
4.
5.
6.

70% ethanol solution
Betadine solution5
Low-melting point, electrophoresis-grade agarose, no. 5517UA BRL6
Dulbecco's phosphate-buffered saline (PBS) G IBC O 7
Antibiotic-antimycotic solution (Ab-Am), no. 600-5240 GIBCO7
Heat-treated fetal bovine serum (FBS) GIBCO7

C.

Supplies

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Fertilized domestic chicken eggs
Medical adhesive tape, 20 mm width
Surgical retractors, 200 mm
Sterile glass beaker, 500 ml
Cellophane kitchen wrap, Saran® Dow8
Plastic ET/drying dish, 100 ml, no. A1-04010 Vet. Concepts9
Plastic lid for 100 ml ET/drying dish, no. A1-04009 Vet. Concepts9
Acrodisc syringe filter, 0.2 pm, no. 4192 Gelman10
Sterile plastic petri dish, 65 mm
Borosilicate glass capillary tubes, 1 mm O.D.
Stainless steel small forceps, 40 mm
Sterile plastic spoon (standard)
Stainless steel surgical scissors
Beveled hypodermic needles, 22 gauge

1 Marsh, Garden Grove, CA
2 Nuaire, Minneapolis, MN
3 Narashige, Great Neck, NY
4 Zeiss, Thomwood, NY
5 Purdue Fredrick Company, Norwalk, C T
6 Bethesda Research Laboratories, Gathersburg, MD
7 GIBCO, Grand Island, NY
8 Dow Chemical, Midland, Ml
9 Veterinary Concepts, Spring Valley, Wl
18 Gelman Sciences, Ann Arbor, Ml
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